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1. i am the Director of Biology at Ribozyme Pharmaceuticals, Inc. in 
Boulder Colorado. I have worked in the field of Ribozymes since 1993. My 
Curriculum Vitae is attached (Appendix A). 

2. I have reviewed the specification of patent application entitled 
"Modified Ribozymes", US Serial No. 08/434,547 and related divisional 
applications-Serial Nos. 08/434,506; and 08/434,533. Following is my 
analysis of the efficacy of "Modified Ribozymes" in vivo and the potential 
application of ribozymes as therapeutic agents. 

3. The application describes ribozymes having "catalytic" activity and 
"enhanced stability against chemical and enzymatic degradation." 
Modification of ribozymes at the sugar 2'-position with a "modifier group" such 
as halo, azido, sulfhydryl, amino, mono-substituted amino and disubstituted 
amino groups, have been shown to enhance the stability of ribozymes against 
nuclease degradation without affecting the ability of these modified ribozymes 
to cleave target RNA. One of the main purposes for enhancing the stability of 
ribozymes inside a cell is to improve their effectiveness as a therapeutic agent 
and/or as a "biocatalyst." 

4. The potential for using ribozymes as therapeutic agents to diagnose 
and treat variety of diseases is well recognized and has been the subject of 
active research for the past ten years (for a review see Christoffersen and 
Marr, 1995 J. Med. Chem. 38, 2023; copy enclosed as Exhibit 1). 

5. While no in vivo data is provided in the above-captioned application, 
examples discussed in this declaration, and in the art, amply support the use 
of approaches described in the application, to successfully synthesize 
nuclease-stable ribozymes for sequence-specific cleavage of RNA in a cell 
culture or an animal model system. I believe that cell culture and animal data 
showing efficacy of chemicaliy-modified ribozymes is reasonably predictive of 
their utility as a therapeutic agent. 
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6. Unmodified RNA is unstable in biological sera. Thus, a significant 
challenge in using ribozymes as drugs is to modify the RNA chemically to 
increase ribozyme stability while retaining ribozyme catalytic activity. A 
number of structural modifications have been applied to oligonucleotides in 
general to enhance nuclease resistance, as described in the application. The 
majority of this work has been carried out with hammerhead ribozymes since 
their small size makes them amenable to chemical synthesis and modification. 
Similar modifications can be readily introduced into other ribozyme motifs 
such as the hairpin ribozyme by adopting the teachings of the above 
application. 

7. Chemically synthesized (and nuclease-stable) ribozymes can be 
directly delivered to cells and tissues using a variety of approaches known in 
the art (for a review see Exhibit 1). For example, ribozymes delivered by 
intra-articular injection have been shown to cleave target mRNA in synovial 
tissues (Flory et al. 1995, Proc. Natl. Acad. Sci., 93, 754; Exhibit 2). 
Formulation of ribozymes in a gel form has been successfully employed to 
deliver ribozymes to the cornea of the eye [Ayers etal. 1995, J. Controlled Rel. 
(in press); Exhibit 3]. Ribozymes have also been successfully incorporated 
into poly L-lactic acid polymers and their delayed release in vitro has been 
documented (Lewis era/. 1995 J. Cell. Biochem. S19A, 227; Exhibit 4). There 
are a number of additional approaches described in the art that can be readily 
adopted to deliver ribozymes into a cell. The choice of delivery system can be 
readily made by carrying out routine and standard experiments well known in 
the art. 

8. Following are a few examples of chemically-modified ribozyme 
efficacy in cell culture and animal models. These examples demonstrate the 
general utility of the chemically-modified ribozymes as potential therapeutic 
agents, as disclosed in the application. 

Ribozvme Efficacy In Cell Culture Model Systems: 

9. Ribozymes Targeting MDR-1: Chemically synthesized DNA/RNA 
chimeric ribozymes have been used to cleave MDR-1 mRNA (Kiehntopf et al., 
1994, EMBO. J. 13, 4645; Exhibit 5). MDR-1 encodes a phosphoglycoprotein 



that can cause multiple drug resistance (MDR) in cancer cells. In this case, 
the hammerhead ribozyme contained DNA sequences in its binding arms and 
2 , -deoxy-2 , -fluoro pyrimidine nucleotides in the ribozyme catalytic core and 
stem-loop II region. Ribozymes modified with 2'-deoxy-2'-fluoro groups are 
specifically described in the above-referenced applications and are known to 
increase nuclease resistance of the ribozymes (see also Exhibit 6). 
Ribozymes were delivered to cells as complexes with a cationic lipid. After 
treatment, drug resistant cell lines showed reduced expression of the MDR-1 
gene product, reduced ability to export rhodamine and increased sensitivity to 
the antineoplastic drug, vindesine. Interestingly, the DNA/RNA chimeric 
ribozymes showed enhanced efficacy relative to an all RNA ribozyme or an 
antisense phosphorothioate DNA control; an inactive all RNA ribozyme had 
no effect on gene expression or drug resistance. Synthetic chemically- 
modified ribozymes directed against MDR-1 may provide a means of 
reversing drug resistance that can be observed in cancer patients during 
chemotherapy. 

I performed or had performed on my behalf, the experiments discussed in 
Sections 10-13, infra. 

10. Ribozymes Targeting c-myb: Coronary angioplasty is widely used to 
surgically treat atherosclerosis. Unfortunately, 35-45% of angioplasty patients 
develop restenosis or reocclusion of the treated vessel within 6 months of the 
operation. Restenosis after angioplasty is associated with activation and 
proliferation of underlying smooth muscle cells. The hyperproliferation and 
excessive matrix deposition by these cells contribute to a reduction in the 
diameter of the lumen and eventual occlusion of the vessel. Ribozymes 
capable of inhibiting smooth muscle cell activation and proliferation could be 
used therapeutically to reduce intimal thickening and restenosis;. 

The proto-oncogene, c-myb is thought to be a critical regulator of smooth 
muscle cell proliferation. Ribozymes with optimal activity were synthesized 
using the nuclease-stable ribozyme motif described in the application and by 
Beigelman et at., 1995 J. Biol. Chem. 270, 25702; Exhibit 6). The 
hammerhead ribozymes contained either 1) 2'-C-aIlyl substitution at U4 
position, five ribose residues, four phosphorothioate linkages between 
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nucleotides in the 5'-binding arm, an inverted 3'-3'-linked nucleotide at the 3'- 
terminus, and 2-O-methyl substitutions at all the other positions; 2) or 2'- 
deoxy-2'-amino substitution at U4 and U7 positions, five ribose residues, four 
phosphorothioate linkages between nucleotides in the 5'-binding arm, an 
inverted 3'-3'-linked nucleotide at the 3'-terminus and 2'-0-methyl 
substitutions at all the other positions. Ribozymes modified with 2'-deoxy-2'- 
amino groups are specifically described in the above-referenced applications 
and are known to increase nuclease resistance of the ribozymes (see also 
Exhibit 6). 

The nuclease-stable ribozymes were applied to serum-starved smooth 
muscle cells as complexes with the cationic lipid, DOSPA. Active ribozymes 
effectively blocked serum-stimulated cell proliferation [Figures 2-6 of Jarvis et 
a/., 1996 RNA (in press), Exhibit 7; and Figures 3-6 of Jarvis et al., 1996 
(submitted for publication); Exhibit 11]. Inactive ribozymes or active ribozymes 
with scrambled binding arm sequences had little effect on cell proliferation. 
Ribozymes without modifications that render them stable to nucleases failed to 
dramatically inhibit cell proliferation. Thus, optimal inhibition of proliferation 
was sequence-specific and required a nuclease-stable catalytic core capable 
of cleaving the target mRNA. Indeed, when c-myb mRNA levels were 
measured by a quantitative polymerase chain reaction technique, the active 
ribozyme significantly reduced cellular levels of its target mRNA, The ability of 
these synthetic, nuclease-resistant ribozymes to inhibit smooth muscle cell 
proliferation raises the possibility of locally delivering ribozymes to vessel 
walls immediately following angioplasty procedures. Prevention of smooth 
muscle cell activation and proliferation by such ribozymes directed against c- 
myb may reduce the incidence of restenosis that occurs after coronary 
angioplasty. 

11. Ribozymes Targeting HIV-1 RNA: Ribozymes with optimal activity 
were synthesized using the nuclease-stable ribozyme motif described in the 
application and by Beigelman et al., 1995 J. Biol. Chem. 270, 25702; Exhibit 
6). The hammerhead ribozymes contained the 2'-deoxy-2 l -amino substitution 
at U4 and U7 positions, and an inverted 3'-3' nucleotide at the 3'-terminus. 
Ribozymes modified with 2 , -deoxy-2'-amino groups are specifically described 
in the above-referenced applications. 
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The nuclease-stable ribozymes, targeted against human 
immunodeficiency virus (HIV) LTR, were applied to CD4+ 293 cells as 
complexes with calcium phosphate. The cells were then infected with HIV-1 
and the level of viral protein, p24, production was measured at 6 days post 
infection. As shown in Exhibit 8, active 568 hammerhead ribozymes (Active 
568 HH) effectively decreased HIV-1 p24 protein production at two different 
ribozyme concentrations of 3 and 6 |ig. A decrease in HIV-1 p24 protein 
production is indicative of inhibition of HIV-1 replication. Inactive ribozymes 
(Inactive 568 HH), as expected, had little effect on p24 production since they 
are not capable of cleaving the target RNA. Thus, inhibition of viral replication 
was sequence-specific and required a nuclease-stable catalytic core capable 
of cleaving the target mRNA. The ability of these synthetic, nuclease-resistant 
ribozymes to inhibit HIV replication indicates the possibility of using ribozymes 
as potential anti-viral agents. 

Ribozyme Efficacy in Animal Model Systems: 

12. Ribozyme efficacy in the Rabbit Knee model: Osteoarthritis is a 
debilitating disease in which loss of cartilage can cause severe pain and 
incapacitation. The degradation of cartilage in osteoarthritic patients is 
correlated with excessive production of the matrix metalloproteinase, 
stromelysin. Nuclease-resistant ribozymes have been shown to reduce their 
stromelysin mRNA when injected into the synovium of rabbit knees (Flory et al. 
1995; Exhibit 2). 

The hammerhead ribozymes used in this study contained 1) 2'-C-allyl 
substitution at U4 position, five ribose residues, four phosphorothioate 
linkages between nucleotides in the 5 '-binding arm, an inverted 3 '-3 '-linked 
nucleotide at the 3'-terminus and 2-O-methyl substitutions at all the other 
positions; 2) 2'-deoxy-2'-amino substitution at U4 and U7 positions, five 
ribose residues, four phosphorothioate linkages between nucleotides in the 
5'-binding arm, an inverted 3'-3'-linked nucleotide at the 3'-terminus and 2- 
O-methyl substitutions at all the other positions; 3) 2'-Oallyl substitution at U4 
position, five ribose residues, an inverted 3'-3'-linked nucleotide at the 3'- 
terminus and 2'-0-methyl substitutions at all the other positions; or 4) 2'- 
deoxy-2'-amino substitution at U4 and U7 positions, five ribose residues, an 
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inverted 3'-3'-linked nucleotide at the 3'-terminus and 2'-0-methyl 
substitutions at all the other positions. Ribozymes modified with 2'-deoxy-2'- 
amino groups and phosphorothioate substitutions are specifically described in 
the above-referenced applications and are known to increase nuclease 
resistance of the ribozymes (see also Exhibit 6). 

Nuclease-stable ribozymes directed against the mRNA encoding 
stromelysin were injected in physiological saline solution and were shown to 
accumulate intact in synovial tissue. Twenty four hours after ribozyme 
administration, IL-1a was injected into the joint to induce stromelysin mRNA 
expression. Tissues were harvested 6 hours after IL-1a induction, synovial 
RNA was extracted and stromelysin mRNA was quantified by Northern or 
RNase protection analysis. Intra-articular injection of active ribozymes 
significantly reduced synovial levels of stromelysin mRNA (Figures 4-6 of 
Exhibit 2). Inactive or irrelevant ribozymes had no effect. Active ribozymes 
with several different chemical modifications (including the ^-deoxy^'-amino 
modifications described in the application), to provide nuclease-resistance, 
and targeting several different ribozyme cleavage sites in stromelysin mRNA 
were efficacious in vivo. Thus, nuclease-resistant ribozymes can specifically 
cleave target mRNAs in vivo. These experiments demonstrate the feasibility of 
using small, chemically synthesized ribozymes to impact gene expression in 
animal models of human disease. Furthermore, these ribozymes may be 
useful in reducing the active joint degradation that occurs in patients with 
osteoarthritis. 

13. Ribozyme efficacy in rat corneal model: Vascular endothelial growth 
factor (VEGF) is a potent mitogen for endothelial cells and plays a role in 
several pathological conditions such as proliferative retinopathy and solid 
tumor growth. VEGF stimulates vascular endothelial cell growth and 
proliferation of new blood vessels via two transmembrane receptors, Flt-1 and 
KDR. 

As a novel approach to the regulation of abnormal angiogenesis, we 
have designed and tested ribozymes that are targeted to Flt-1 and KDR 
mRNAs. Reduction of VEGF receptor mRNAs by ribozyme cleavage should 
lead to a reduced level of receptor protein and a subsequent decrease in 
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disease-related angiogenesis. All ribozymes used in these, studies were 
prepared synthetically and are chemically stabilized with "modifier" groups, 
such as 2'-C-allyl and 2'-deoxy-2'-amino (specifically described in the above- 
referenced applications), to protect them from degradation. 

We have identified a number of ribozymes targeted to both receptor 
mRNAs that are capable of significantly reducing VEGF-stimulated growth of 
human microvascular endothelial cells in culture. For example, as shown in 
Exhibit 12, hammerhead ribozymes targeted against two sites (site 1358 and 
4229) within the Flt-1 mRNA were synthesized with chemical modifications 
and tested in a cell-proliferation assay. The hammerhead ribozymes 
contained either 1) 2'-C-allyl substitution at U4 position, five ribose residues, 
four phosphorothioate linkages between nucleotides in the 5 '-binding arm, an 
inverted 3'-3'-linked nucleotide at the 3'-terminus and 2'-0-methyl 
substitutions at all the other positions (2'-G-allyl ribozymes); 2) or 2'-deoxy-2'- 
amino substitution at U4 and U7 positions, five ribose residues, four 
phosphorothioate linkages between nucleotides in the 5 '-binding arm, an 
inverted 3'-3'-linked nucleotide at the 3 '-terminus and 2'-0-methyl 
substitutions at all the other positions (2'-Amino ribozymes). Ribozymes 
modified with 2'-deoxy-2'-amino groups are specifically described in the 
above-referenced applications and are known to increase nuclease 
resistance of the ribozymes . (see also Exhibit 6). Nuclease-stable 
hammerhead ribozymes targeted to both sites within Flt-1 RNA were able to 
significantly inhibit VEGF-induced proliferation of human microvascular 
endothelial cells. The specificity of ribozyme action was demonstrated in that 
Fibroblast Growth Factor (FGF)-stimulated cell growth was completely 
unaffected by treatment with ribozymes targeting Flt-1 VEGF receptor mRNAs. 

Greater than 90% inhibition of VEGF-induced cell proliferation was 
observed when ribozymes directed against both Flt-1 and KDR receptors were 
tested in combination. Control ribozymes, either catalytically inactive 
ribozymes or active ribozymes targeted to unrelated RNAs, had little or no 
effect on VEGF-stimulated cell growth. 

Studies using a rat corneal model of angiogenesis in which VEGF 
protein and the chemically-stabilized ribozymes were co-delivered on a 
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nitrocellulose filter disk surgically implanted into the cornea have been carried 
out. Fluorescently-labeled ribozyme accumulated in the limbus region in or 
near the microvascular endothelial cells of the pericorneal vessels from which 
corneal neovascularization occurs. A significant portion of 32 P-labeled 
ribozyme remained intact in the eye for at least 72 hours. These two 
observations indicate that ribozymes accumulate and persist in the target 
tissue when administered in this manner. 

In further studies using the same VEGF/ribozyme administration method 
described above, a synthetic chemically-stabilized hammerhead ribozyme 
(the ribozyme contained 2'-C-allyl substitution at U4 position, five ribose 
residues, four phosphorothioate linkages between nucleotides in the 5'- 
binding arm, an inverted 3 '-3 '-linked nucleotide at the 3'-terminus and 2'-0- 
methyl substitutions at all the other positions) targeting site 4229 within Flt-1 
mRNA (Active 4229 HH) inhibited VEGF-induced angiogenesis by greater 
than 50% relative to corneas treated with either VEGF alone or VEGF and a 
catalytically inactive ribozyme (Inactive 4229 HH; Exhibit 9). These results 
indicate that ribozyme catalysis is required for anti-angiogehic activity. Eyes 
treated with ribozyme alone (i.e. no VEGF) showed no angiogenic response 
(Exhibit 9). This work suggests a therapeutic role for ribozymes in diseases 
characterized by VEGF-related neovascularization. 

14. Ribozyme efficacy in newborn mice: Amelogenin (AMEL) is a highly 
conserved group of protein necessary for mammalian enamel 
"biomineralization". Lyngstadaas et ai, 1995, EMBO. J. 14, 5224 (Exhibit^), 
have recently shown that a locally administered chemically-modified 
hammerhead ribozyme (the ribozymes were substituted with 2'-Oallyl groups 
to enhance nuclease resistance) is capable of cleaving amelogenin RNA in 
newborn mice resulting in "a prolonged and specific arrest of amelogenin 
synthesis" and a subsequent inhibition of normal mineralized enamel 
formation (Figures 3-4 of Exhibit 10). The authors state in the abstract on page 
5224 that: u [T]hese results demonstrate that synthesized ribozymes can be 
highly effective in achieving both timed and localized 'knock out' of important 
gene products in vivo, and suggest new possibilities for suppression of gene 
expression for research and therapeutic purposes." 
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15. The examples discussed in this declaration provide ample support 
for the general utility and enablement of using the approaches, described and 
claimed in the application, to successfully synthesize chemically-modified 
ribozyme that are nuclease stable and catalytically active. These ribozymes 
are capable of specifically cleaving target RNA in a variety of cell culture and 
animal model systems As described in the application, it is now possible to 
design frans-cleaving ribozymes, synthesize and stabilize them chemically, 
deliver them to cells, and test them for efficacy in an ever increasing number of 
cell and animal models. The efficay of ribozymes in cell culture and animal 
models are reasonably predictive of the utility of ribozymes as therapeutic 
agents. These results strongly suggest that the therapeutic benefits of 
synthetic chemically-modified ribozymes in humans will most certainly be 
realized. 

I hereby certify that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the 
application or any patents issued thereon. 
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Ribozymes as Human Therapeutic Agents 
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L Introduction 

The protein encoded by a particular gene normally 
corresponds to an RNA sequence considerably shorter 
than the sequence transcribed from that gene. This is 
due to the fact that genes typically contain several exons 
(expressed sequences) separated by a series of introns 
(intervening sequences). When the RNA is transcribed 
from a gene, the corresponding intron sequences are 
spliced out and the exons are ligated in a transesteri- 
fication reaction. The newly spliced series of exons is 
then translated into the appropriate proteins. 

In the early 1980s Cech and his colleagues discovered 
that certain RNA splicing reactions are catalyzed by 
RNA. It was unequivocally demonstrated that certain 
intervening sequences (Group I) were inherently capable 
of catalyzing RNA splicing reactions to give rise to 
mature RNA. Cech termed such RNA molecules, pos- 
sessing enzymatic activity, "ribozymes". 1-3 These RNA 
enzymes have now been found in a wide variety of 
biological systems. By suitable chemical or molecular 
manipulation, ribozymes can be engineered either to 
bind specifically to external desired RNA sequence 
targets and cleave them, thereby inhibiting a gene 
function, or to ligate new pieces of RNA onto the target 
by trans splicing to create a new gene function. Therein 
lies their therapeutic potential. 

In less than 15 years since the initial discovery by 
Cech and Altman, 1 " 3 the fundamental importance of 
catalytic RNA (ribozymes) in chemistry and biology has 
become apparent. The demonstration that RNA plays 
an active catalytic role in the production of proteins from 
DNA and is not merely a "passive" participant has 
caused a major paradigm shift in the role of RNA in 
chemistry and biology. Furthermore, th availability 
of "catalytic RNA" to carry out processes previously 



reserved only for protein enzymes has caused a rethink- 
ing of the role RNA may have played in evolution. 4 " 10 

Ribozymes provide a broad and enabling technology 
applicable to human disease diagnosis and therapy, 
agriculture, and animal health. 11 Correspondingly, 
research interest in ribozymes has grown exponentially 
over the past several years (Figure 1). Over 500 articles 
were published through the end of 1993 on various 
aspects of ribozymes and their role in chemistry, biology, 
and medicine. 

The broad potential of ribozyme technology is due to 
the fact that a ribozyme will, in principle, selectively 
bind and cleave any target RNA. Thus, highly specific 
control of gene expression by ribozyme cleavage and 
consequent nuclease destruction of mRNA fragments 
can be contemplated, as illustrated in Figure 2. 

In the diagnosis and treatment of human diseases, 
the sequence-specific enzymatic activity, and the rela- 
tive ease with which a lead ribozyme can be designed 
have substantial advantages that may translate into low 
side effects, high potency, and substantially reduced 
drug discovery time. Ribozymes are applicable in 
principle to any disease where a specific protein or virus 
can be linked to disease etiology. 

Translation of this potential into a new class of 
human therapeutic agents is coupled with technical 
challenges. In this review, the current status of efforts 
to demonstrate how ribozymes can be used to treat 
human diseases will be considered along with identifi- 
cation of remaining issues and possible future direc- 
tions. 

£L Chemistry and Biology of Ribozymes 

A* Types f Ribozymes. Ribozymes were identified 
first by their ability to splice introns out of mRNA when 
an RNA precursor of Tetrahymena thermophUa was 



0022-2623/95/1838-2023$09.00/0 © 1995 American Chemical Society 



240 j 
230 - 
220 -- 
210 -- 
200 
190 
180 
170 
160 
150 
140 
130 
120 
110 
100 

90 

80 

70 

60 

SO 

40 

30 

20 

10 
0 



■ ■ ■ 



ill! 



1M0 1MB 1M0 Ymt 

Figure 1. Annual growth of ribozyme publications. 

found to be self-splicing. 1,2 Additional studies extended 
the kinds of self-splicing ribozymes from Group I to 
Group II nitrons 12 " 15 found predominantly in fungal 
mitochondria. Modification of the Tetrahymena self- 
splicing intron by deleting the first 19 nucleotides 
created an important change; it converted the self- 
cleaving ribozyme into one acting on an external RNA 
(or DNA) substrate. The ribozyme was acting "in trans". 
Thus t the group I intron can be engineered to catalyze 
a sequence-specific reaction. Group I introns also have 
been found in cyanobacteria 19 and slime mold 20 (Figure 
3). 

Group I ribozymes range in size from 200 to 1000 
nucleotides (Figure 4). They require a U in the target 
sequence 5' to the cleavage site, and bind 4-6 nucle- 
otides at the 5' side. 

RNAse P is a ribonucleoprotein consisting of ap- 
proximately 375 nt of RNA plus a small polypeptide. 
The RNA portion cleaves tRNA precursors to produce 
the mature tRNA. 3 

The VS ribozyme is derived from a satellite RNA (VS) 
of certain natural isolates of Neurospora. This ribozyme 
differs from the others shown in Figure 4 in that it will 
cleave double-stranded RNA. 21 These three ribozymes 
are all large, relative to the others, and any applications 
involving these large ribozymes must necessarily be 
those which utilize gene therapy methods. 

The "Hammerhead" (HH) and "Hairpin" (HP) ri- 
bozyme motifs were originally identified in plant viroids 
and virusoids; 22 " 26 the Hepatitis Delta Virus (HDV) 
ribozyme was found in a satellite RNA of human 
hepatitis B virus. 27 * 28 Each of these was identified in a 
self-cleaving form and has been converted to cleave 
external RNA substrates as well. 25 * 29 " 34 

The ability to design ribozymes against selected 
external RNA targets has expanded their therapeutic 
potential. Hammerhead ribozymes can be modified in 
their binding arms to be complementary to any target 
RNA which contains a UH (where H is any nucleotide 
but guanosine). The optimum length of the binding 
arms appears to be 7/7 nucleotides on the 3'- and 5'- 



ends of the rib' . For the HP ribozyme, four 
nucleotides on thL^_^de and a variable number on the 
3' side of the cleavage site can be modified. In the HDV 
ribozyme only 7 nucleotides at the 5' side of the cleavage 
site need be changed to alter the specificity (Figure 4). 
Since these ribozymes are relatively small, they can be 
made by chemical synthesis or produced by viral or 
nonviral vectors. This ability to modify the binding 
arms of ribozymes to complement the sequences within 
a given RNA potentially endows ribozymes with a 
therapeutic specificity heretofore jiot possible. 

Increasing the length of the complementary binding 
sequences in the ribozyme should improve the specificity 
of binding. A recognition sequence of approximately 15 
nucleotides— 7 in the 3'- and 5'-arms and one at the 
catalytic core— should be optimal for recognition, speci- 
ficity, and turnover. This nucleotide length may be 
unique in the human genome; however, this does not 
take into account the bias in the genetic code, particu- 
larly in regions that are transcribed as mRNA. Nev- 
ertheless, this target size of 15 nucleotides will assure 
reasonable uniqueness and, therefore, therapeutic speci- 
ficity, that will be assessed as candidate ribozymes 
appear in therapeutics. 35,36 It may not be desirable to 
extend the recognition sequence beyond 15 nucleotides 
since, beyond that point, the binding affinity increases 
to the point where the off-rate of the cleaved product 
from the enzyme is too slow to permit efficient catalysis 
and nonspecific effects also may occur. 37 

B. Mechanism of Action. Ribozymes cleave their 
target using either a transesterification or hydrolysis 
mechanism (Figure 3). In the cleavage reaction the . 
formation of a 2',3' cyclic phosphate and 5'-hydroxyl are 
typical products. If the ribozyme is present in excess, 
as is often the case in practice, but at a concentration 
that is not saturating with respect to the substrate, the 
cleavage rate is determined by the second-order rate 
constant k c JK m . Values of approximately 10 s M _l 
min" 1 are frequently observed. 30 If the substrate is in 
excess, and at saturating concentrations, ribozymes are 
rate-limited by release of the product. 38 Improvements 
in ribozyme turnover may result from research to 
modify ribozymes in a way to increase product release 
from the complex. 

C. Ribozyme Evolution* Techniques to alter or 
improve ribozyme function, generally known as directed 
in vitro evolution, have been devised. 39 " 45 By maintain- 
ing diversity throughout multiple generations and 
selectively amplifying those ribozymes with a specific 
property of interest, the Tetrahymena ribozyme was 
evolved into a Group I intron that cleaved DNA targets 
in addition to RNA. 39 

In a different application of in vitro evolution, Lorsch 
and Szostak 45 created a random pool of 10 l5 -10 16 RNA 
molecules containing an ATP-binding domain and iden- 
tified five RNAs capable of acting as 5'-kinases and two 
2'-kinases. This broadened the scope of ribozyme 
formation further to include polynucleotide kinase 
activity. The inherent potential of ribozymes to bind 
and act on many kinds of substrates coupled with 
selective methods to amplify and refine these new 
activities will lead to the development of many new 
ribozyme functions. 
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Figure 2. Crystallography representation of a ribozyme binding to its substrate. This model was constructed from the coordinates 
determined by Pley, H. W.; Flaherty, K. M.; McKay, D. B. Nature 1994, 372, 68-74. The figure was kindly supplied by Dr. 
James McSwiggen, RPI, Inc. The cleavage site occurs on the substrate at the point designated by the arrow. The substrate lies 
in a vertical orientation in apposition to the binding arms of the ribozyme. 
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Figure 3. Splicing of group I introns: forward and reverse reactions. The letter E refers to exons and IVS refers to the intervening 
sequence. The three-letter sequence, such as Gpa or GpA, refers to two nucleotides connected by a phosphodiester bond. In the 
forward reaction, attack of the required GTP cofactor at the 5'-splice site releases the 5'-exon. The 5'-exon then attacks the 
3 -splice site resulting in exon ligation and excision of the IVS. The reverse reaction follows the same pathway in the opposite 
direction. After binding of the ligated exon RNA in the active site of the linear IVS, attack of the 3'-terminal OH of the IVS on 
the phosphate at the splice junction results in the addition of the 3'-exon to the 3'-end of the IVS. In the second step, the 3'- 
hydroxyl of the 5'-exon attacks the phosphate of the first phosphodiester bond of the IVS, releasing G and joining the 5'-exon to 
the 5 -end of the IVS. Exon sequences are in lower case; IVS sequences in upper case. The authors are indebted to Dr. John 
Burke of the University of Vermont for this figure. 



III. Proof of Principle 

To demonstrate the potential of ribozymes, their 
abilities to cleave mRNA targets must be correlated with 
biochemical and physiological changes that result from 
target cleavage. Many studies now have been published 
which illustrate these proofs of principle. 

In a study of HH ribozymes in monkey (COS1) cells, 
ribozymes designed against chloramphenicol acetyl 



46 



transferase (CAT) were cloned into a mammalian 
expression vector and electroporated into the cells. 
They specifically suppressed CAT expression up to 60% 
relative to an inactive ribozyme and a corresponding 
antisense control. 

In another study, DNA encoding a ribozyme-tRNA 
construct was microinjected into the nucleus of frog 
oocytes.' 17 It remained largely in the nucleus, but small 
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Figure 4. General structures of representative ribozvmes. The Tetrahymena thermophila self-splicing group I intron structure 
as proposed by Cech et al. (Cech. T. R.; Damberger. S. H.; Gutell, R. R. Struct. Biol. 1994, i, 273-280). Arrows indicate the 5' 
. and 3' splice-sites. Lower case letters = exons; thick lines = connections where arrowheads show 5' - 3'; PI, etc. - conserved 
paired regions; thin lines = tertiarv structure. For the Hammerhead. Hairpin, and Hepatitis Delta Virus ribozymes, arrows 
indicate the site of RNA cleavage. *N can be A. t\ G. or C: N' is a nucleotide complementary to N: H is A. U, or C; Y is any 
pyrimidme. The secondary structure of the Hairpin ribozvme-substrate complex as proposed by Berzal-Herranz et al. (Berzal- 
Herranz, A.; Joseph, S.; Chowrira. B. M.; Butcher. S.: Burke. J. M. EMBO J. 1993, 12, 2567-2574). The secondary structure of 
a Hammerhead ribozyme -substrate complex as proposed by Long and Uhlenbeck, (Long, D. M.; Uhlenbeck, O. C. FASEB J. 
1993, 7, 25-301. The secondary structure of a Hepatitis Delta Virus ribozvme-substrate complex as proposed by Perrota and 
Been. 1992 (supra). The structure of the Neurospora VS ribozyme as proposed by Guo, H. C. T. and Collins. R. A. (Guo, H. C. T.; 
Collins, R. A. EMBO J. 1995. 14. 368-376). 



amounts were transported to the cytoplasm. Reduction 
of the co-injected U7snRNA target, present in the 
cytoplasm, was observed after 10 and 20 h. 

The studies of L'Huiller et al. 48 demonstrated the 
specificity of a ribozyme directed against a-lactalbumin. 
Saxena and Ackerman 49 demonstrated that injection of 
a ribozyme directed against 28S RNA cleaved the 28S 
RNA but not related RNA. This showed that the 
ribozyme could detect its substrate among other RNAs 
present in the cell. Cleavage products for that substrate 
were found. Other studies at the cellular level now have 
been reported, and it is clear that the question of cell 
culture "proof of principle" for ribozymes has been 
answered affirmatively. 50-52 

Several studies of ribozyme function in vivo have been 
reported. Among the more definitive and dramatic 
examples is a study in Drosophila. 53 Transgenic eggs 
were generated which carried a ribozyme against the 
fushi tarazu (ftz) gene under the control of a heat- 



inducibie promoter. These investigations distinguished 
the two developmental phases of the ftz gene, using 
timed heat-induction of the ribozyme. Induction of the 
ribozyme against the first of these development phases, 
production of a seven-stripe cuticle pattern, created 
cuticle defects in larvae. Activation of the ribozyme in 
other eggs later during neurogenesis inhibited central 
nervous system development without disturbing the 
antecedent cuticle pattern. These experiments demon- 
strated that specific induction of ribozymes at different 
points in Drosophila development is possible, that 
activation of the ribozyme causes the same phenotypic 
mutations in segmentation and neurogenesis that occur 
in known ftz mutations, and that the presence of the 
ribozyme caused no other biological or biochemical 
damage to the organism. 

In another study, a plasmid carrying a ribozyme 
against 02- microglobulin was injected into the male 
pronucleus of fertilized oocytes 54 Seven transgenic 
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Figure 5. Ribozyme testing scheme. 

animals were used to establish three ribozyme-express- 
ing families. Ribozymes were expressed in the lung, 
kidney, and spleen. Ribozyme expression was ac- 
companied by a reduction of mRNA microglobulin 
greater than 90% in the lungs of individual mice; 
smaller reductions were observed in kidney and spleen. 
Such a study not only provides convincing proof of 
principle in vivo but also confirms that continued 
expression of a ribozyme directed against a nonessential 
function will not result in any obvious toxicity in an 
animal. 

IV. Ribozyme Design and Selection 

A. Identification of Active Ribozymes. Identifi- 
cation of a lead ribozyme is a much simpler and shorter 
process than that required for most chemically synthe- 
sized small molecules. Knowledge of the relevant gene 
sequences and. therefore, its mRNA sequence, is suf- 
ficient. Ribozyme targets within the mRNA and the 
flanking sequences required to assure selectivity can be 
identified rapidly with existing computer methods. 
Once these putative ribozyme sites are identified, ri- 
bozyme recognition sequences are renewed to determine 
whether the arms will fold improperly and bind to one 
another or to the catalytic core. Those which have the 
potential to do so are eliminated. 55 - 56 

At this point one can either determine availability of 
these potential sites to ribozyme cleavage in vitro using 
an RNAse H assay or move directly to a cell-based tissue 
culture assay. Before the availability of chemically 
stabilized ribozymes (see IV.B) in vitro screening using 
the RNAse H assay was employed. In this assay, DNA 
oligonucleotides are synthesized to be comparable in size 
to the ribozyme and complementary to the RNA se- 
quences around the putative ribozyme sites. These are 
mixed with a long RNA substrate, and an excess of 
RNAse H is added. This enzyme cleaves the RNA 
strand at the ends of the DNA-RNA heteroduplex. The 
mixture is analyzed by gel electrophoresis. Sites on the 
target RNA where the DNA oligomer has bound will be 
cleaved, and that site is presumed to accessible to a 
ribozyme. We have found this assay to be have a 
predictive value of about 80% with respect to the activity 
of ribozymes in cell culture and animals. 

Since the advent of chemically stabilized ribozymes. 
we have abandoned the RNAse H assay. In its place, 
we make those ribozymes which are predicted not to fold 
upon themselves and assay these directly in a tissue 
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culture system m which the ability of the ribozyme to 
eliminate a biological activity is assessed. This provides 
a more realistic assessment of the ability of a ribozyme 
to attack its target mRNA in a cell. This system is more 
reproducible and has more relevance to the function of 
that ribozyme in an animal model. We consider it to 
be the screening method of choice (Figure 5). 

B. Stability of Ribozymes in Biological Milieu. 
Unmodified RNA is unstable in biological systems. This 
is a significant challenge to establishing ribozymes as 
human therapeutics. 

A number of structural modifications have been 
applied to synthetic oligonucleotides to enhance nu- 
clease resistance. 57-61 Substitution of the 2'-0-Me- 
modified nucleotide at all positions in a hammerhead 
ribozyme except G5, G8. A9. A15.1, and G15.2 gives rise 
to a catalytically active molecule, but with a signifi- 
cantly decreased A nu value. 61 However, these molecules 
showed a 1000-fold increase in stability as compared to-- 
an all-RNA ribozyme. . In another investigation, a 
persubstituted 2'-0-alIyl -containing ribozyme with ri- 
- bose residues at positions U4, G5, A6. G8, G12, and 
A15.1 retained 20% of the catalytic activity of an all- 
RNA ribozyme. As in the previous case, the stability 
of this ribozyme was increased, with 30% of the material 
intact after 2 h compared to a less than 1 min half-life 
for the all-RNA ribozyme.' 52 

Two phosphorothioate linkages at C3 and U4, with 
replacement of U7 by adenosine or guanosine in a 
phosphorothioate-DNA/RNA chimera further stabilize 
the molecule, but the catalytic activities of these chi- 
meras are significantly reduced. 63 Substitution of all 
the pyrimidine nucleotides in. a HH ribozyme by their 
2'-amino or 2'-fluoro analogs resulted in a 1200-fdld 
increased stability in rabbit serum but also gave a 25- 
50-fold decrease in activity compared to an unmodified 
ribozyme. 

Beigelman et a/. 64 - 65 constructed a considerably im- 
proved stable HH motif by utilizing selected modifica- 
tion of approximately 32 2'-modified sugars. Most of 
these were substituted as 2'-0-Me residues as described 
above. The remaining 2' modifications were introduced 
at positions U4 or U7. Two of these ribozymes, U4- and 
U7-2'-amino and U4-2'-C-allyI, have wild-type catalytic 
activity and a 5-8 h half-life in human serum. The 
addition of a 3'-3'-linked dT or an abasic nucleoside to 
the 3' terminus of these ribozymes increases their half- 
lives in serum to greater than 72 h (Figure 6). 

The positions for these particular modifications were 
determined by analysis of the products of ribozyme 
degradation in human serum. The presence of 2'-0-Me 
residues protected their respective bases from exonu- 
clease and endonuclease degradation. The predominant 
exonuclease in human serum cleaves from the 3'-end 
of the oligomer. However, there remained some residual 
exonuclease degradation even after 2'-0-Me substitu- 
tion. For this reason the inverted T was added to 
convert the 3'-ertd into a 5'-"Iike"-end, which eliminated 
susceptibility to the 3'-exonuclease. The other vulner- 
able sites were the two internal pyrimidines in the U4 
and U7 positions of the catalytic core, since endonu- 
cleases are more effective against pyrimidine linkages 
than against purine linkages. Modifications at the 2'- 
positions of U4 and U7 eliminated this susceptibility. 
At this time, the best U4/U7 2 / -modifications are 
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Figure 6. Modifications which confer increased stability to 
ribozymes. The lower section shows the increase in net 
activity conferred by the modifications compared to the 
unmodified (all RNA) ribozyme. The second column indicates 
the time required to cleave one-half of the substrate in solution 
under standard conditions (Tris. 50 mM, pH 7.5: MgCU, 10 
mM: substrate. 1 nM: ribozyme at three concentrations: 6. 
40, and 100 nM). The third column lists the time for one-half 
of the ribozyme to be destroyed in human serum at 37 *C. The 
fourth column is the ratio of the third column to the second. 
The fourth column is the ratio of the third column to the second 
which provides a measure of the relative stability- activity 
values of the ribozymes. The multiplier of 10 is included to 
relate the ribozymes to a unit stability-activity value for the 
unmodified molecule. 

amino/amino and C-allyl/OMe. These provide more 
than a 1500-fold increase in biological activity and 
stability as compared to the unmodified ribozyme. An 
additional increase to 14 000-21 000 for each of these 
motifs was achieved by introducing 3'-3'-linked T to the 
3'-end of the ribozyme (Figure 6). Such extended 
stability in human serum coupled with the retention of 
activity should allow use of synthesized ribozymes for 
exogenous delivery in various therapeutic settings. 

V. Delivery of Ribozymes to Cells 

There are two general methods of delivering oligo- 
nucleotides; incorporation into a viral or nonviral vector 
of DNA which codes for the oligonucleotide, or use of a 
chemically-synthesized ribozyme, either coupled physi- 
cally or chemically to a lipid or other molecule or 
delivered as a "free" ribozyme. In the former, transfec- 
tion or infection (plasmid or viral) of the cell depends 
upon an artificial means of increasing cell permeability 
or the inherent characteristics of the virus. In the 
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latter, the molecw jmplexed to the ribozyme makes 
use of either a nonspecific entry mechanism (as with a 
lipid carrier) or a somewhat more specific entry method 
such as receptor- mediated endocytosis, 

A- Exogenous Delivery. Many lipid vehicles have 
been studied for use in exogenous delivery of oligonucle- 
otides. For example, liposomes tbilamellar lipid spheres 
of approximately 100-500 nm diameter) can encapsu- 
late relatively large quantities of drug molecules either 
within their aqueous interiors or dissolved into the 
hydrocarbon regions of their bilayers. 66,67 Liposomes 
also protect their contents from renal filtration and 
degradation by serum enzymes, 68 When attached to the 
proper antibody or other ligand, liposomes can some- 
times be directed to a tissue depending on the ability of 
the ligand to facilitate cell-specific attachment and 
entry. 69 ' 72 

Despite these advantages, there are obstacles to the 
use of liposomes as delivery vehicles. Unmodified 
liposomes do not survive long in systemic circulation 
since they are removed rapidly by macrophages of the 
reticuloendothelial system. Such uptake may be avoided 
partially by modifying the character of the lipids in the 
bilayer or by a poly( ethylene glycol) coating to prevent 
nonspecific adsorption of serum proteins and therefore 
nonspecific recognition of liposomes by macrophages. 73 " 75 - 
In addition, in general it is not possible to target 
liposomes to a specific tissue. This has been partially 
surmounted by the use of receptor-mediated endocytosis 
where, for example, a liposome has been attached to folic 
acid via the distal end of a few lipid-conjugated poly- 
f ethylene glycol) (PEG) molecules on the liposome 
surface. 76 

. An alternative method which appears to have greater 
potential is the use of cationic lipids. These are materi- 
als which contain a nonpolar long-chain fatty acid, 
usually C16 or C18, complexed to a cationic polyamine 
such as spermidine. These lipids, although they ag- 
gregate under some conditions when mixed with oligo- 
nucleotides, are believed to complex with the oligonu- 
cleotide in such a way that it is not internalized into a 
liposome- type structure. Supporting this concept is the 
demonstration that oligonucleotides complexed with 
cationic lipids are susceptible to nucleases whereas 
those within liposomes are not. 

Many investigations to date have utilized DNA- 
cationic lipid complexes to deliver oligonucleotides to 
cells. 77-84 It appears that these lipid-DNA complexes 
have relatively little toxicity if used in low concentra- 
tions. At higher concentrations there is evidence of 
toxicity following intravenous injection in mice. 83 Modi- 
fication of the lipid carrier reduced the toxicity at lipid 
and DNA concentrations up to 1000-fold higher than 
those used previously. 83 Based on these results, DNA- 
lipid formulations or ribozyme -lipid formulations are 
being considered as possible delivery vehicles for exog- 
enous oligonucleotide human therapy. Nevertheless, 
the rules developed for the delivery of DNA via cationic 
lipids may not apply to small pieces of RNA. Larger 
circular pieces of replicating RNA behave similar to 
DNA when delivered with cationic lipids. Smaller 
pieces of RNA, less than 500 nucleotides, were not taken 
up under these circumstances (P. Feigner, personal 
communication). Our internal studies have also dem- 
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onstrated that a given lipid piv b .ation may serve well 
in one cell type but not in another. 

Intracellular localization after passage across the cell 
membrane also needs to be considered. For example, 
even if large numbers of ribozymes are delivered to a 
particular cell type (as many as several million can be 
delivered), many of the ribozymes appear trapped 
within the endosomal compartment of the cell. Certain 
ribozymes, when micro injected into a cell, will appear 
in the nucleus almost immediately. When the same 
ribozymes are delivered with a lipid vehicle, they are 
trapped in the endosome. This paradox of having large 
quantities of ribozymes in the cell with little biological 
activity has led to the conclusion that the choice of lipid 
vehicles will vary with target cell. Even with cell type 
optimization, release from the endosome cannot be 
guaranteed. 

Another aspect of intracellular localization also needs 
to be considered, i.e., co-localization of ribozyme with 
its intended mRNA target. While this may be possible 
without intervention, Sullenger and Cech 85 have found 
that inclusion of a retroviral packaging signal as part 
of the ribozyme gave 90% reduction of titer of a targeted 
retrovirus, presumably because in cell culture the 
ribozyme was co-localized in the nucleus with its viral 
genomic RNA target. At the same time, the ribozyme 
had no effect on the same target localized in the 
cytoplasm. In another method of enhancing ribozyme 
activity, 86 it was shown in the test tube that the 
cleavage rate of a HH ribozyme can be enhanced 10— 
20-fold upon addition of the NC protein of HIV-1, which 
also enhanced the ability of the ribozyme to discriminate 
between cleavage of RNA oligonucleotides with differing 
sequences. Hence, delivery of a ribozyme to the same 
cellular compartment as the target, either through 
chemical modification of the ribozyme or otherwise 
associating it with a "localization" or "enhancement" 
factor, can be expected to increase the rate at which the 
ribozyme finds its target and hence increase its ef- 
fectiveness. 

While the use of lipids and other factors to enhance 
exogenous delivery and effectiveness of oligonucleotides 
is encouraging, the process for designing such lipids still 
remains somewhat empirical and must be decided 
experimentally for each ribozyme in each cell of interest. 

B. Endogenous (Vector) Delivery. All studies of 
viral delivery of ribozymes to date have utilized retro- 
viruses (see below). Other viruses also offer potential 
for ribozyme gene therapy, e.g., adenovirus, adeno- 
associated virus, and others. 

Retroviral vectors possess several properties of inter- 
est. For example, they will transfect and express 
therapeutic genes in disease-susceptible cells, have no 
contaminating helper virus, and integrate into the 
genome of the cell. 87 In viral diseases such as HIV, 
these characteristics can be used to advantage, i.e., the 
integrated ribozyme expression unit would be expected 
to replicate continuously and, when expressed, compete 
with both infection and replication of wild-type HIV. 

Adeno-associated virus (AAV), since it is nonpatho- 
genic and able to transfect diverse cell types, is another 
attractive vector for ribozyme delivery. A vector con- 
sisting only of the cis-acting terminal repeats of AAV 
was established by Samulski. 87 This type of vector has 
been used to express the TAR antisense from an internal 
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Rous sarcoma \> ... long terminal repeat, aud blocked 
HIV replication after challenge. A more than 1000-fold 
reduction in reverse transcriptase activity was seen by 
day seven post challenge. 67 AAV also has been used to 
transform CD34 + cells with a transduction efficiency of 
approximately 80% in the presence of interleukin 3 and 
granulocyte/macrophage-colony-stimulating factor. 87 

Adenovirus also has been studied as a vector for the 
delivery of oligonucleotides. It is a DNA virus which 
enters ceils through binding of adenovirus with its cell- 
surface receptor and transfer into endocytic vesicles. 88 " 91 
Adenoviruses can be used to express genes as well as 
to enhance delivery of various large molecules such as 
dextrans, proteins, and plasmid DNA linked to ligands, 
whether it is replication-competent or replication- 
deficient. 92 - 93 The mechanism for enhanced delivery by 
replication-deficient adenovirus is not clear but involves 
release of materials from the endocytic vesicle to the 
cytoplasm. This characteristic has been utilized by Gao 
et a/. 94 to deliver genes to airway epithelium via an 
adenovirus-polysine-DNA complex. 

Viral delivery of ribozymes and other oligonucleotides 
is at an early stage of development, and investigations 
to date in therapeutic settings are described below. 
While any of the viral vectors is applicable in principle, 
more experience is needed. For example, targeting 
ribozyme-containing vectors to particular tissues or cells 
may be important. This may be accomplished via a 
physical method such as an aerosol to the lung epithe- 
lium, to a target tissue ex vivo such as bone marrow 
which is then reinfused, by widespread delivery via a 
vector such as adeno-associated virus which would infect 
many cells and tissues, or by intracellular targeting. 85 

Other nonviral vector approaches also have been used 
to deliver plasmids and/or DNA. However, it appears 
that there is no single lipid formulation which will 
suffice for all cell types, whether it is for a synthetic 
ribozyme or a vector-delivered ribozyme. For example, 
San et a/. 53 showed a significant variation in the amount 
of DNA expression from one cell type to another. This 
varied from 1% conversion (transfection efficiency) of 
MCA205 cells to 15% in human melanoma cells to 55% 
in 293 cells. 

IV. Therapeutic Applications 

Therapeutic applications of ribozymes are potentially 
quite broad but have thus far been applied to situations 
involving inhibition of overexpression of a gene. The 
gene target may be foreign, as in a viral infection, or 
may be a normal gene which has undergone mutation 
such as an activated protooncogene. 

The most obvious areas of therapy at this time are 
viral infections, both acute and chronic; cancer where 
an oncogene product is known; and various disease 
states where overexpression of a particular gene is 
associated with a disease state. Examples of the latter 
include restenosis and other cardiovascular diseases, 
transplant rejection, osteoarthritis, and immunological 
diseases. This review will concentrate on examples from 
viral infections and cancer. 

A. Viral Diseases. One of the earliest descriptions 
of the activity of ribozymes against viral diseases was 
that of Sarver et al 95 In that investigation, cleavage of 
HIV sequences in a cell-free system by HH ribozymes 
was demonstrated. Also, in human cells stably express- 



ing a HH ribozyme targeted to t> *g transcript, a 
substantial reduction in gag RI lative to non- 
ribozyme-expressing cells was seen, i his reduction in 
RNA was reflected in a reduction in p24 antigen levels 
of approximately 98%. 

To measure long-term effects of ribozyme expression, 
the growth curve of cells constitutively expressing an 
anti-HIV ribozyme was followed for 10 days, and no 
impairment of cell growth was observed. 95 Longer term 
toxicity studies have shown that ribozyme-containing 
cells behave as their control non-ribozyme-expressing 
counterparts when followed for nine months, 96 

A subsequent study 07 used a HH ribozyme designed 
against a conserved region within the S'-leader sequence 
of HIV RNA. This was selected because it is present 
on all HIV RNAs and is essential for viral transcription, 
transactivation and translation. Thus, cleavage at this 
site would be expected to produce a small 5' fragment 
to act as a competitive inhibitor of replication, trans- 
activation, and translation. In addition, HIV enhances 
transcription by a feedback mechanism involving the 
viral tat protein. Therefore, ribozymes were expressed 
not only in a constitutive manner, but also in a tat- 
inducible manner under the control of a fusion TK- 
transactivation-responsive (TAR) promoter. This al- 
lowed the ribozyme to be upregulated in the presence 
of HIV replication in the cell. 

The results of this -study demonstrated that stable 
MT4 transform ants which express the ribozyme under 
the control of the herpes simplex virus thymidine kinase 
promoter were only modestly resistant to HTV infection. 
Virus production was simply delayed. In cells allowing 
ribozyme expression under control of the simian virus 
40 or cytomegalovirus promoter, the rate of HIV mul- 
tiplication was decreased slightly and virus production 
was delayed about 2 weeks. The highest level of 
resistance was observed in MT* cells transformed with 
a vector containing the TAR promoter to allow ribozyme 
expression in a tat inducible manner. No HTV produc- 
tion was observed 22 days after infection of these cells. 
The results of this study not only corroborated the 
foregoing and those of others 98 but also illustrated the 
importance of high expression levels of the ribozyme in 
HIV-infected cells. An inducible promoter that upregu- 
lates the ribozyme in the presence of this infection may 
enhance efficacy even further. 

A similar strategy was described by Yu et al," These 
investigators designed a HP ribozyme to cleave the S'- 
leader sequence of HIV. Expression of the HP ribozyme 
under the control of a 0-actin promoter inhibited HIV 
expression in a transient expression system. In a 
followup investigation. 100 the human tRNA VAL gene and 
the adenovirus VA1 gene promoter, both transcribed by 
RNA polymerase HJ (pol III), were used as expression 
cassettes for the HP ribozyme. Because of the small 
size, high rate of transcription, and broad expression 
in various tissues, pol EH transcription units have been 
used more broadly thus far for expressing ribozymes 
than pol II promoters. 101 " 103 The Yu et a/. 100 investiga- 
tion demonstrated that the HP ribozyme expressed from 
a pol III promoter inhibited HIV expression up to 95% 
in a transient transfection assay. The authors also 
showed that the HIV RNA cleavage products were 
degraded with high specificity. 

Both the studies by Weerasinghe et al. 9 ' and Yu et 



oi. 100 support the cr sion that, by cleaving at the S'- 
leader sequence, tl zyme removes the RNA cap so 
that the mRN A is pow.*y translated and probably more 
quickly degraded. Moreover, the 5'-leader sequence is 
highly conserved among most HTV isolates and therefore 
is a theoretically more important therapeutic target. Of 
available HIV strains, only "MN" contains one nucle- 
otide substitution in the 5'-leader sequence cleaved by 
a hairpin ribozyme. There are differences among some 
HTV strains in other portions of the 5'-leader. 104 

The latter authors also used a retroviral vector to 
deliver the ribozyme, and demonstrated 70-95% inhibi- 
tion of several strains of HTV. In these experiments, 
p24 was analyzed after 24 h, and it is not clear if this 
particular strategy would be effective in a longer assay. 
Nevertheless, it supports the earlier work of Weeras- 
inghe et a/. 97 and adds a second ribozyme motif for 
potential use against HIV. 

In an interesting variation, a ribozyme was created 
by inserting a 22-nucleotide catalytic HH domain into 
an antisense RNA of 413 nucleotides directed against 
the S'-leader/gc*' region of HTV. 105 This left 129 nucle- 
otides on the S'-flanking sequence and 284 nucleotides 
on the 3'-flanking sequence. The rationale for the 
experiment was to prevent the ribozyme from dissociat- 
ing after binding and cleaving the target, and thereby 
discern whether catalysis conferred a significant ad- 
vantage to antisense RNA. An inactivated ribozyme, 
which did not cleave the substrate, and the catalytically 
active ribozyme were transfected into human sw480 
cells along with infectious pro viral HTV DNA. HIV 
replication was analyzed by measurement of RNA and 
by ELISA. The presence of the catalytically active 
region conferred a 4-7-fold greater inhibition of HIV 
replication as compared to the antisense and the inac- . 
tive mutant. Both kinetic and structural studies indi- 
cated that the ability to form double strands was not 
changed in using ribozymes and suggested that the 
ability to cleave target RNA was a critical prerequisite 
for the observed increase of inhibition of replication of 
HTV. 

The investigations described above clearly demon- 
strate the ability of ribozymes to inhibit replication of 
HTV in cell culture. The inhibition varies from several 
days to several weeks. One of the possible ways to 
augment inhibition further is to use promoters which 
ensure, high copy numbers in the cell and/or inducible 
promoters which are activated by the presence of the 
viral target- 
There are several other methods that may be useful 
in increasing the activity of ribozymes against HTV, e.g., 
addition of a protein which facilitates catalysis or the 
use of multiple ribozymes. For example, a study by 
Bertrand and Rossi 106 demonstrated that addition of 
certain RNA binding proteins e nhan ced the ribozyme 
cleavage reaction. Some of these activities were de- 
pendent upon the ribozyme -substrate hybrid length- 
Certain proteins, heterogeneous nuclear RNP, Al, and 
the HTV nudeocapsid protein (NCp7) t inhibit the reac- 
tion of shorter duplexes. NCp7 also inhibits the cleav- 
age of longer duplexes (17-20bp). Both of the latter 
enhance the turnover of ribozymes by increasing the 
rat* of product dissociation when the products are bound 
with 7bp or less. Since Al is though to interact with 
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most mRNAs in vivo, it may enhance intracellular 
activity of ribozymes. 

Another way to enhance ribozyme effectiveness in 
solution is through the use of multiple ribozymes. 107 In 
this investigation, the ribozymes were flanked by ex- 
acting ribozymes at both the 5'- and the 3'-ends so that, 
upon transcription, multiple ribozymes were trimmed 
and liberated independently. When levels of ribozyme 
expression were examined, the amount of transcript was 
proportional to the number of units connected in tan- 
dem. The activities of these ribozymes were also 
proportional to the number of units. The activities of 
connected-type ribozymes reached a plateau at values 
of about n = 3. In the tandem cis -cleaving ribozymes, 
n - 1-10, their results indicated that the multiple 
ribozyme expression system could generate independent 
ribozymes specific for different target sites in vitro 
without sacrificing the activity of any individual ri- 
bozyme. 

A multiple ribozyme transcript may be more active 
against HIV in cells than the corresponding individual 
ribozymes. IlW A transcription unit containing nine 
ribozymes (a "nonaribozyme") was more active than 
transcripts with fewer catalytic units. The individual 
ribozymes were arranged in tandem. The multitarget 
ribozymes retained the specificity of monoribozymes but 
were more efficient per ribozyme RNA copy and re- 
mained active when part of a large transcript. 

In one investigation an anti-HIV ribozyme was found 
to be less effective than the corresponding antisense. 109 
This is the only study which has shown this; the reason 
is not clear. 

The above provides encouragement regarding the 
potential use of ribozymes in the management of HIV 
infection. Therapeutic efficacy will require high ef- 
ficiency of transfection or transduction of the gene 
coding for the ribozyme. This is attainable in tissue 
culture but has not yet been demonstrated in humans. 
An ex vivo treatment of hematopoietic stem cells may 
allow this goal to be realized but will depend to a great 
degree on the nature of the viral vector. This is a field 
of science still in its infancy, and the optimum choice of 
viral vector is not currently apparent. In addition, 
experiments which have reported activity of ribozymes 
against HIV have used low multiplicities of infection 
(the ratio of input, virus to cells), usually on the order 
of 10. " :1 At higher multiplicities, ribozyme protection 
often disappears. The reduction in virus titer is mea- 
sured by percent inhibition, but an effective therapeutic 
will require a reduction of several orders of magnitude. 
Finally, ribozymes must compete against the best 
therapeutic agents currently in clinical medicine. Ri- 
bozymes and antisense agents have not yet received a 
thorough comparison with these small molecules. While 
none of these objections constitute an impassable hurdle, 
they remain important considerations when evaluating 
the potential usefulness of ribozymes in this disease. 

Ribozyme inhibition of other viruses also has been 
studied. Xing and Whitton 110 prepared ribozymes which 
cleave the RNA genome of lymphocytic choriomeningitis 
virus (LCMV), a prototype arenavirus. Several sites on 
the LCMV genome were cleaved efficiently in trans in 
solution. The efficiency of the cleavage was site- 
dependent, and the authors showed that the secondary 
structure at the target site could abolish ribozyme 
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cleavage. Computer-assisted analysis indicated that 
much of the LCMV genome may be involved in base 
pairing which would render it similarly resistant to 
ribozyme attack. The remaining open regions lacked a 
GUC target site, but there were several alternative sites 
available which could be cleaved: AUC, CUC, and AUU. 
They further demonstrated that an anti-LCMV ri- 
bozyme expressed in tissue culture cells diminished 
viral RNA levels and reduced infectious virus yield 
approximately 100-fold. 111 This effect was shown to be 
specific since yields of related arenavirus were not 
similarly curtailed. 

Thus, activity of ribozymes against viruses has been 
clearly demonstrated in solution and in cells. The 
challenge now is to arrange appropriate promoters and 
multiple ribozymes as needed and direct them to highly 
conserved sequences to achieve the appropriate thera- 
peutic result. 

B. Inhibition of Oncogene Function. Thecruciar 
differences between normal cells and cancer cells appear 
to stem from discrete changes in specific genes control- 
ling proliferation arid tissue homeostasis. Many cancer- 
related genes have been discovered which are implicated 
in the natural history of human cancer because they 
are consistently found to be mutated in tumors. They 
fall into two descriptive categories: tumor-suppressor 
genes and oncogenes. 

Oncogenes are evolutionary conserved and have been 
identified because they induce cellular transformation 
either when naturally incorporated into a retrovirus or 
when their DNA is transfected into tissue culture cells. 
Most of the known oncogenes were originally isolated 
as viruses containing genes of nonprimate origin. These 
genes are mutations of protooncogenes which are nor- 
mally found in cells and are activated during embryo- 
genesis or specific tissue regeneration or cell growth. 
The mutation, which may be a point mutation, alters 
the property of the corresponding protein and thereby 
induces uncontrolled cell growth. Since they are over- 
expressed and produce RNA which is distinguishable 
from the protooncogene, oncogenes are potentially excel- 
lent targets for ribozyme therapeutic activity. 

By delivering phosphorothioate antisense oligomers 
with the cationic lipid lipofectin, Monia et al. u2 dem- 
onstrated a 5-fold discrimination between a point muta- 
tion in the 12th codon of H-ras and the wild-type < WT) 
H-ras target sequence. The authors also showed that 
discrimination correlated with and was limited by the 
. difference in thermodynamic stability of the hybrids 
formed between mutants or WT sequences. Because of 
the sequence requirements of ribozyme cleavage, a 
ribozyme targeted to this site should have greater 
discrimination between mutated and wild-type genes 
than antisense molecules that rely on differences in 
thermodynamic stability or an RNase H mechanism. 

This same 12th codon mutation (GGC to GUC) in 
H-ras creates a consensus HH ribozyme target site, 113 
An H-ras-dependent cell line was stably transformed 
with a £f-actin expression vector encoding a HH ri- 
bozyme. Isolated clones showed reduced H-ras expres- 
sion and reduced rates of cell proliferation. The study 
demonstrated a decrease in the H-ras RNA and a 
corresponding decrease in the protein derived from 
H-ros expression, p21. The cell lines transformed by 
the an ti -H-ros ribozyme were examined for their ma- 



lignant potential in athymic ( mice. The ribozyxne 
described above was designe cleave the mRNA of 
the H-nxs gene expressed in human bladder carcinoma 
EJ cells. DNA encoding the riboryme was cloned into 
a mammalian expression vector and transfected into 
these cells. The cell data described above provided 
convincing evidence in vitro that the ribozyme could 
inactivate the H-ras gene product. These same cell lines 
were then injected by an orthotopic (transurethral) 
implantation model to recapitulate the invasive poten- 
tial of bladder carcinoma. The EJ transfected cells 
preserved the malignant phenotype in these mice and 
caused highly invasive tumors and death due to high 
tumor burden. 

In contrast, in the EJ clones transfected with the 
ribozyme-expressing vector there was a dramatic reduc- 
tion in the malignant phenotype. The tumors displayed 
limited invasive capacity and there was a significant 
increase in survival, approximately double that of the 
control cells (a medium of 75 days vs a medium of 47 
days). Histology of the bladders demonstrated that 
control tumors consisted of cells with highly invasive 
properties with nests of neoplastic cells dispersed 
throughout the tubules of the normal kidney. In 
contrast, the ribozyme clones produced tumor nodules 
that compressed surrounding tubules of the normal 
kidney but with no evidence of invasion in the vascular 
spaces. Tumor-Bearing mice alive at 86-90 days had 
ribozymes present as detected by the PCR assay. Thus, 
this experiment demonstrated the ability of a ribozyme 
directed against H-ras mRNA to reverse the phenorypic 
expression H-ras in vitro and in vivo. 

Ribozymes can inhibit the transformation of NTH 3T3 
cells by the activated c-Ha-ras gene. 114 - 115 Plasmids 
containing the ribozyme-encoding genes were expressed 
under the control of the long-terminal repeats of Rouse 
sarcoma virus in NIH 3T3 cells transfected with the 
c-Ha-ras gene. These ribozymes inhibited the formation 
of cell foci by about 50% by cleaving the oncogene 
mRNA. In addition, when the activated c-Ha-ras gene 
was cotransfected with the ribozyme-encoding gene, 
colonies were isolated which were morphologically dif- 
ferent from those containing only the c-Ha-ras gene. 

The c-fos gene has been implicated in signal trans- 
duction, DNA synthesis, and resistance to anti-neoplas- 
tic agents. 116 It is one of the earliest known genes 
activated in response to autogenic stimuli. Its interac- 
tion with the oncogene jun and the DNA binding activity 
of the fos-jun heterodimer suggest that fos functions as 
a transcriptional activator. The linkage between ex- 
pression of c-fos and DNA synthesis genes is supported 
by data that cisplatin administration leads to a sequen- 
tial induction of c-fos followed by a dTMP synthase and 
DNA polymerase. 117 A ribozyme was constructed to a 
site in c-fos mRNA. and it was demonstrated that 
activation of the fos ribozyme resulted in decreased c-fos 
gene expression, increased sensitivity to chemothera- 
peutic agents (including cisplatin). and a significant 
decrease in dTMP synthase. DNA polymerase 0. topoi- 
somerase I. and hMTU-A gene expression (human 
metallothionein). 116 " 119 

Snyder et a/. 120 demonstrated riboryme-mediated 
inhibition of bcr/abl gene expression in a cell line which 
was positive for the Philadelphia chromosome. Tfre 
Philadelphia chromosome results from a reciprocal 



translocation ' >en chromosomes 9 and '22 'and* is " 
found in over t patients with chronic myelogenous 
leukemia (CMLi. This translocation result* in the 
transposition of the cellular (c-abl) gene from its usual 
position on chromosome 9 to chromosome 22. m , m 
Transposition of c-abl into the BCR gene results in the 
creation of an abnormal fusion gene termed bcr-abl. The 
mRNA transcript resulting from the fusion gene is 
translated into a p210 protein with augmented tyrosine 
kinase activity. This p210* WaW protein and its corre- 
sponding RNA are found in virtually all patients with 
CML and in about 50% of patients with Philadelphia- 
chromosome-positive acute lymphoblastic leukemia. 

In this study a ribozyme was directed against the 
junction sequence in bcr/abl. The DNA encoding this 
ribozyme was incorporated into a plasmid and trans- 
fected into EM-2 cells (a CML-derived cell line) using a 
liposome vehicle. The ribozyme decreased levels of 
detectable bcr/abl mRNA in these cells, inhibited ex- 
pression of the bcr/abl gene product, p210 icrfaW , com- 
pletely, and inhibited cell growth by 84%, significandy 
more than an antisense oligonucleotide. There was no 
significant inhibition by liposome vector alone, sense 
oligonucleotide, or unrelated ribozyme. Wright et al. m 
also demonstrated ribozyme-mediated cleavage of bcr/ 
abl. This ribozyme transcript was tested against a 
synthetic substrate which covered the translocation 
sequence. This study confirmed the activity of a- ri- 
bozyme against the translocation sequence and also 
sho wed that cleavage of the normal bcr occurred but at 
a reduced efficiency compared to the bcr/abl substrate. 
A similar study by Shore et al. 12 * also showed ribozyme- 
mediated cleavage of the bcr/abl oncogene transcript 
These investigators designed a ribozyme to cleave a 
GUU triplet adjacent to the junction of the cBCR and 
cABL fused genes. The ribozyme efiiciently cleaved the 
RNA transcript in vitro. To determine the effect of 
constitutive expression of the ribozyme on the gene 
product, the ribozyme cDNA sequence was inserted into 
different retroviral expression vectors. Introduction of 
the recombinant retroviruses into the CML blast crisis 
cell line K562 resulted in the elimination of the p210 
protein kinase activity in several single-cell clones 
infected with the ribozyme expression cassette. 

Cantor et a/. 125 developed a ribozyme that cleaves rex/ 
tax mRNA and inhibited bovine leukemia virus expres- 
sion. The transactivating protein, tax, stimulates the 
long terminal repeat to promote viral transcription and 
may be involved in tumorigenesis. Rex is involved in 
the transition from early expression of regulatory 
proteins to later expression of viral structural proteins. 
A ribozyme designed against both target sequences 
cleaved more than 80% of the target RNA in vitro. 
Synthetic DNA encoding the ribozyme was cloned into 
an expression vector and transfected into bovine leu- 
kemia virus-infected bat lung cells. Intracellular cleav- 
age of the rex/tax mRNA was confirmed by reverse 
transcriptase PCR. In cells expressing the ribozyme, 
viral expression was inhibited significantly as measured 
by bovine leukemia virus core protein p24 (61% inhibi- 
tion) and reverse transcriptase activity (92% inhibition). 

Pnture Aspect* 

As demonstrated above, control of gene expression 
»«ing ribozymes holds the potential to provide an 
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important new paradigm for . m therapeutics. In 
the past several years, substantial progress has been 
made in translating this potential into reality. Cell 
culture and in vivo efficacy have been demonstrated in 
a number of systems, and therapeutic applications in 
viral diseases and cancer have been initiated. However, 
to complete this process, a number of issues need to be 
resolved. The current status of these issues, both for 
ribozymes and other oligonucleotide therapeutic ap- 
proaches, is discussed below. 

A. Specificity. One of the features that distin- 
guishes oligonucleotide-based therapies from other ap- 
proaches is the high degree of selectivity that is avail- 
able, at least in principle. Differences are becoming 
apparent in the translation into practice of ribozyme, 
ahtisense, 2',5'-polyadenosine oligonucleotide and other 
techniques. (The 2' t 5' : polyadenosine guide sequence 
serves to activate a latent RNAse (RNAse L) in the cell 
which cleaves double-stranded RNA. 126 " 128 ) One of the 
particular advantages of ribozymes is, as noted by 
Herschlag 36 and others, 57 the length of a target sequence 
of 15 nucleotides which may be unique in the human 
genome. Herschlag also showed that, for ribozymes and 
other oligonucleotide therapeutics that act through 
binding an RNA target followed by cleavage by an 
additional enzyme, adding bases to a recognition se* 
quence ultimately reduces discrimination, since cleav- 
age occurs virtually every time the target RNA or a 
mismatched RNA is bound. This occurs despite the 
weaker binding of the mismatched RNA because dis- 
sociation is too slow to allow the ribozyme to discrimi- 
nate between the target RNA and a mismatched RNA. 

The Herschlag conclusions are supported in the study 
of Goodchild and Kohli. 129 They demonstrated that 
ribozymes designed to cleave sequences specific to viral 
RNA (HIV) may be better antiviral agents than larger 
antisense oligonucleotides. By reducing the base pair 
formed with the substrate from 20 to 12, they showed 
that the rate of cleavage in vitro increased 10-fold. 
Deletions within the stem-loop structure in the ri- 
bozyme also increased the initial rate of the reaction. 

Specificity mismatches near the core not only reduce 
binding but have an additional negative effect on 
cleavage. To give an extreme example, matched arms 
but with a mismatch at the a lT of "UH W site gives no 
cleavage by a hammerhead ribozyme; the corresponding 
antisense molecule presumably is not much affected. 

Limited specificity is found in most antisense DNA 
oligomers, which typically contain 20 nucleotides or 
more. 57 This is particularly true in the case of DNA 
antisense oligonucleotides comprised of phosphorothio- 
ate linkages. To illustrate this point, Woolf and co- 
workers 126 demonstrated in an oocyte that, as mis- 
matches in an antisense molecule were introduced, the 
oligomer continued to inhibit its primary target but 
showed nonspecific inhibition of other targets as well. 
Since oligonucleotides beyond the length of 15 will 
increase the number of mismatch recognition opportu- 
nities, the appearance of nonspecific effects for oligo- 
nucleotides having more than 15 nucleotides is not 
surprising. 

In the case of ribozymes, available internal data on 
hammerhead ribozymes indicates that the optimum 
length of recognition arms is 6— 7 nucleotides on each 
side of the catalytic core. Therefore, experimental 
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evidence cum available is consistent with the 
Herschlag theoretical analysis. 36 Thus, with optimum 
recognition sequences in ribozymes long enough to 
recognize a target sequence uniquely but not requiring 
additional nucleotides for activity, nonspecific effects are 
minimized. 

B. Kinetic Considerations. Kinetic considerations 
may also be important in the effective translation of 
oligonucleotide therapeutics into reality. In the case of 
antisense approaches, the DNA- RNA hybrid may be 
cleaved by activated RNase H. However, this process 
requires a trimolecular mechanism involving sequential 
or simultaneous association of the antisense molecule, 
the target RNA, and the RNAase in order to achieve 
cleavage. For this to be an efficient mechanism, the 
third component of the reaction, i.e., the requisite 
cleaving enzyme, must be present at saturating con- 
centrations relative to the binary complex. This is 
difficult to assure in general for all cell types of interest, 
but studies to date 57 suggest that these enzymes may 
be present in sufficient abundance to carry out the 
reactions in some cases. Similar conclusions apply for - 
the 2-5A approach, 127128 where activation of RNAse L 
is required to cleave , the target in the 2-5A-target 
complex. 

Ribozymes do not require a separate enzymatic 
component for cleavage of the target. Only the bimo- 
lecular complex of ribozyme and target plus Mg 2+ are 
needed, since both recognition and cleavage are incor- 
porated into the same molecule. Demonstration of the 
extent of therapeutic advantage that this provides to 
ribozymes will presumably become evident as animal 
and human clinical studies are carried out. 

C. Cleavage and Turnover. The ability of ri- 
bozymes to cleave their target enzymatically provides 
at least three significant potential advantages as thera- 
peutics: their mechanism of action which destroys the 
substrate, multiple turnover to increase potency, and 
increased specificity when compared to small molecules 
or antisense therapeutic agents. 

To demonstrate the importance of target cleavage, the 
experiment of Homann and co-workers is relevant. 105 
They incorporated the catalytic domain of a HH ri- 
bozyme into a 413 nucleotide antisense RNA directed 
against the 5 '-leader/gag region of HIV. The presence 
of the catalytically active RNA resulted in a 4-7-fold 
greater inhibition of HIV replication as compared to the 
parental antisense and the inactive mutant. Using 
ribozyme turnover to increase potency is at an earlier 
stage. The study by L'Huiller et a/. 48 demonstrated 
cleavage products in cells but also showed a requirement 
for a ribozyme excess of approximately 1000:1 relative 
to the substrate. The ribozyme appeared to be function- 
ing as a catalytic agent but was present in substrate 
quantities. This may be due to a relatively slow 
turnover rate. 

D. Delivery. One of the issues of importance to 
effective exogenous delivery of ribozymes has been 
satisfactorily resolved, i.e., the creation of chemically 
modified ribozymes with both significant activity and 
long lifetimes in human serum. However, issues of lipid 
choice, targeting of specific cell types or organs, avoid- 
ance of sources of drug elimination such as the. kidney, 
intracellular localization of ribozyme with its target, and 
increase of effective ribozyme delivery to cells through 
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challenges. 

In the field case of veV . delivery, the questions 
which remain are common to the field of gene therapy. 
The optimum viral vector is not clear; experience to date 
is largely limited to retroviral vectors. Optimization of 
ribozyme activity by modification of the transcription 
unit also provides opportunities for improvement. 130 ' 131 
Delivery of vectors is also an issue; whether ex vivo 
delivery of viral vectors will be sufficient or whether 
systemic delivery is necessary is not clear. Creation of 
satisfactory vectors to transfect CD34+ or stem cells is 
still in its infancy. Whether nonviral vectors can be 
utilized is not clear. Finally, reduction in production 
costs and long-term safety questions remain to be 
answered. 

E. Therapeutic Potential. The therapeutic pos- 
sibilities for ribozymes in clinical medicine are many. 
The mRNA for any protein which is causative in a 
disease is a potential riboryme target. Similarly, mi- 
croorganisms, especially viruses, since they are the 
pathogenic agents in infectious processes are likely 
targets for ribozyme therapy. In each of these general 
examples, it is the specificity of the ribozyme which is 
so important in therapy. The ability to eliminate a 
specific mRNA in a cell without damage to other normal 
cellular RNA molecules . is a significant advance in 
therapeutics and one which may not apply to other 
therapeutic modalities. 

Chemically synthesized ribozymes can be delivered 
to a variety of target organs or tissues topically. For 
example, the direct application of a ribozyme to the 
arterial wall may be used to modify the re stenotic 
process after angioplasty. The target in this instance 
would be one of the gene products associated with 
smooth muscle cell proliferation which is activated by 
the angioplasty procedure. One could also inject a 
synthetic ribozyme into a joint space to suppress an 
inflammatory process by eliminating a particular cy- 
tokine or enzyme in that process. A viral infection in 
the lung, especially one confined to the bronchial 
epithelium, could be treated by aerosolization of a 
chemically synthesized ribozyme. The duration of ac- 
tion of the stable ribozyme should be sufficient to treat 
a viral infection of 4-6 days. 

Ribozymes delivered by a vector will be of more use 
in systemic diseases, infectious or noninfectious, and 
diseases of a chronic nature, local or systemic where 
long-term expression of the ribozyme is important The 
most prominent example is the use of a ribozyme 
against HIV to eliminate the virus from the stem cells 
in the bone marrow. This could permit the reconstitu- 
tion of the immune system with cells resistant to HIV. 
A leukemic process due to the presence of a new gene 
product, such as bcr—abl in chronic myelogenous leu- 
kemia, is a natural target for a ribozyme since the UNA 
product of the fusion gene is not found in normal cells 
and is known to be causative in the disease. Oncogenes 
associated with other types of neoplasia, which result 
from the mutation of a protooncogene, similarly are good 
potential targets since the new gene product also is not 
found in the normal adult cell. The list of potential 
applications is as long as the list of new gene products 
associated with viral diseases, neoplastic diseases, 
chronic inflammatory conditions, cardiovascular dis- 
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overprodu/ . >f an aberrant protein. 
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ABSTRACT Catalytic RNA molecules, or ribozymes, have 
generated significant interest as potential therapeutic agents 
for controlling gene expression. Although ribozymes have 
been shown to work in vitro and in cellular assays, there are 
no reports that demonstrate the efficacy of synthetic, stabi- 
lized ribozymes delivered in vivo. We are currently utilizing the 
rabbit model of interleukin 1-induced arthritis to assess the 
localization, stability, and efficacy of exogenous antistrome- 
lysin hammerhead ribozymes. The matrix metalloproteinase 
stromelysin is believed to be a key mediator in arthritic 
diseases. It seems likely therefore that inhibiting stromelysin 
would be a valid therapeutic approach for arthritis. We found 
that following intraarticular administration ribozymes were 
taken up by cells in the synovial lining, were stable in the 
synovium, and reduced synovia! interleukin la-induced 
stromelysin mRNA. This effect was demonstrated with ri- 
bozymes containing various chemical modifications that im* 
part nuclease resistance and that recognize several distinct 
sites on the message. Catalytically inactive ribozymes were 
ineffective, thus suggesting a cleavage-mediated mechanism of 
action. These results suggest that ribozymes may be useful in 
the treatment of arthritic diseases characterized by dysregu- 
lation of metalloproteinase expression. 



The discovery that certain RNA species possess autocatalytic 
activity (1-3) has generated significant interest in the potential 
therapeutic use of catalytic RNA molecules, or ribozymes, in 
controlling gene expression (4). Naturally occurring ribozymes 
come in a variety of structural motifs (5). Although most 
ribozymes evolved to cleave their target sequences in cis, 
ribozymes have also been shown to function in trans (6 f 7). 
Thus, ribozymes have exceptionally broad potential as thera- 
peutic agents for the selective control of gene expression. Of 
the naturally occurring ribozymes, the hammerhead (8) is the 
smallest of the known ribozyme motifs and therefore the most 
amenable to chemical synthesis. It is also well characterized 
with respect to kinetic parameters and optimal target se- 
quence, and potential cleavage sites are abundant on most 
messages. 

To develop therapeutic ribozymes, significant research has 
been devoted to improving catalytic activity, developing nu- 
clease resistance, and optimizing the intracellular delivery of 
both synthetic and expressed ribozymes (S-U). Synthetic 
ribozymes have shown efficacy in cell culture in reducing the 
expression of tumor necrosis factor-a (12), bcr-abl (13), and 
MDR-1 (14). These studies utilized either chemically synthe- 
sized chimeric ribozymes with DNA binding aims to increase 
nuclease resistance or in vitro transcribed ribozymes that arc 
protected in part from degradation by being complexed with 
cation ic lipids. We have used ribozymes that contain novel 
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modifications that allow significant catalytic activity while 
substantially enhancing their nuclease resistance (15). 

There are only a few examples of ribozyme activity in vrw, 
and these involve expression of the ribozyme as a transgene 
either in Drosophila (16) or in mice (17, 18). Demonstration of 
in vivo efficacy represents an important advance in the devel- 
opment of synthetic ribozymes as therapeutic agents. 

The matrix metalloproteinases (MMPs) are a group of 
enzymes that degrade extracellular matrix components' such as 
the collagens, gelatins, proteoglycans, and fibronectin (19). 
Although MMPs play an important role in embryogenesis and 
normal tissue remodeling (20), abnormal expression may 
contribute to such disease processes as atherosclerosis (21), 
cancer (22), and arthritis (23). Stromelysin (MMP3) may.be a 
key mediator in arthritic diseases. It degrades proteoglycans 
and a broad spectrum of other matrix components (19), and it 
can readily degrade cartilage in vitro (24). Stromelysin also has 
the capacity to activate the proenzyme forms of collagenase 
(25), and the 72- (26) and 92-kDa (27) gelatinases, thus 
initiating a proteinase cascade. Unlike normal synovial fibro- 
blasts, those derived from osteoarthritic or rheumatoid syno- 
vium produce high levels of stromelysin and collagenase upon 
stimulation (28). Most relevant, however, is the marked up- 
regulation of stromelysin and other MMPs seen in articular 
tissues from patients with osteo- or rheumatoid arthritis (29, 
30). It seems likely therefore that inhibiting stromelysin would 
be a valid therapeutic approach for arthritis. 

In the rabbit, injection of human recombinant interleukin la 
(IL-la) into the knee joint leads to leukocyte accumulation in 
the joint space, loss of proteoglycan from the articular carti- 
lage, and release of proteoglycan fragments into the synovial 
fluid (31). An increase in the levels of the MMPs stromelysin 
and collagenase in the rabbit articular tissues also occurs after 
stimulation with IL-1 (32, 33). These attributes make it an 
appropriate model for assessing the role of proteases involved 
in the pathophysiology of joint disease. We are using this 
model to assess the localization, stability, and efficacy of 
exogenous anristromelysin hammerhead ribozymes. These ri- 
bozymes are modified to enhance their resistance to nucleo- 
lytic degradation (34). We found that ribozymes are taken up 
by cells in the synovial lining after intraarticular administra- 
tion. The ribozymes demonstrate good stability in the syno- 
vium and can significantly reduce the synovial levels of IL-1- 
induced stromelysin mRNA. Catalytically inactive ribozymes 
had little effect on stromelysin mRNA levels. This report 
demonstrates efficacy of an exogenous synthetic ribozyme in 
vivo. 

MATERIALS AND METHODS 

Ribozyme Synthesis and Sequences. Ribozymes were syn- 
thesized and purified as described by Wincott ct aL (35). The 

Abbreviations: MMP. matrix metalloproteinase; IU interleukin. 
To *hom reprint requests should be addressed. 



hammerhead ribozyme motif useu in this study contains 
binding arms (7-8 nt), which can anneal to the stromelysin 
message, and an invariant core sequence (22 nt) required for 
catalytic activity. Ribozymes designated as inactive contain the 
same binding arm sequences as their active counterparts but 
h ;vc two mutations in the core that eliminate cleavage activity, 
i.. rambled ribozymes have the cataiytically active core, but the 
arm sequence is scrambled to eliminate binding to the target 
sequence. 

The sequences of the ribozymes used are given l?elow. 
Ribozymes are named for their position of cleavage in the 
human stromelysin sequence. In cases in which the rabbit site 
was not homologous with human, the rabbit-specific ribozyme 
is indicated with an R. Lowercase indicates 2'-0-methyl nucle- 
otides, uppercase indicates 2'-hydroxyl (ribo) nucleotides, T 
indicates 3'-3' inverted thymidine (iT), and u indicates 2'- 
- nino at positions U4 and U7. 

Site 1049. active: 5'-gaagga*cuGAuCaggccc«*aOTCcG**A«*uggcT 
Site 1049. inactive: 5'-gaaggaacauAuGaggccga*aggccCauAgauggcT 
Site 1049, icramble± S'-ugaagagcuGAiiGaggccgaaaggccCaaAcggaagT 
Site 1363. active: 5*-cuucaaacuCAuC*ggccgaaaggccGaaAcagcauT 
Site 1366R. active: 5*-augcuuccuC»ilGaggccgaa*ggccGaAAaaacagT 
Site 1410. active: S'-aaacacccuCA^GaggccgaaaggccGaaAcMgugaT 
Site 833. active: S'-cuggaggccnGAiiGaggccgaaaggccCaaAraggyucT 
Site 1439R, active: S*-ugccuucc^GAuGaggccgaaaggccCaaAu*caccT 

Unless, otherwise indicated, backbone linkages are phos- 
hodiester. These ribozymes are designated U4, U7 NH2, and 
. -iT. In some cases, the ribozymes contained four phospho- 
rothioate linkages at the 5' end' (designated U4, U7 NH2, 4 5' 
P=S, and 3'-iT). An alternative chemistry of ribozyme 1049 
was also used in which position U4 was 2'-C-allyI, position U7 
was 2'-0-methvl, and five phosphorothioate linkages were 
included on both the 5' and 3* ends (U4 C-allyl, 5&5 P=S). The 
catalytic cleavage activity of all of the ribozymes was verified 
on a complementary short substrate by standard methods; 
inactive ribozymes did not exhibit any detectable cleavage 
activity under these conditions (data not shown). 

In Vivo Localization and Stability of Ribozymes Delivered 
intraarticularly. Male New Zealand White rabbits (3-4 kg) 
were anesthetized with ketamine*HCl/xylazine and injected 
intraarticularly with -15 x 10 6 cpm (corresponding to 30 ng) 
of 32 P internally labeled ribozyme combined with 10 fi% of 
unlabeled ribozyme in a total vol of OJ ml of phosphate- 
buffered saline (PBS). At various times thereafter, animals 
were euthanized, the knee joints were Iavaged, and synovial 
tissue was removed, weighed, and either snap frozen for 
sectioning and autoradiography or placed in Trizol reagent 
' GIBCO/BRL) for RNA extraction. After initial homogeni- 
.ation of the synovial tissues for RNA extraction, an aliquot 
was removed to estimate cpm per mg of synovial tissue 
(assuming that 20% of the synovium was harvested). After 
extraction of total RNA from the synovial tissue, equal 
amounts of RNA were run on a denaturing 5% acrylamide gel 
and the gel was exposed to x-ray film for densitometric 
quantitation. 

In Situ Hybridization. In situ hybridization studies were 
carried out using full-length antisense RNA probes generated 
by in vitro transcription of linearized pRC/CMV plasmid 
Invitrogen) containing an - 1500-bp rabbit stromelysin cDNA 
gift of C. Brinckerhoff, Dartmouth Medical School). Samples 
of synovial tissue were removed, snap frozen in liquid nitrogen, 
and stored at -SOX. Frozen sections (4-6 u.m) were placed 
on poly(L-lysinc)-treated slides and stored at -20°C Modifi- 
cations of previously described methods were used (36). 

Efficacy Studies. Rabbits were anesthetized with keta- 
mine-HCl/xylazine and injected intraarticularly through the 
suprapatellar ligament of both knees with various amounts of 
ribozyme in 0.5 ml of PBS or in PBS alone. Twenty-four hours 
after ribozyme administration, each rabbit received 25 ng of 
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Time after ribozyme 
administration 


Synovial 
tissue* 


Synovial 
RNA 


Synovial 
lavage fluid 


Exp. 1 


4hr 


4.0 


0.03 


0.17 


24 hr 


3.0 


0.32 


0.01 


Exp. 2 


24 hr 


5.6 


0.32 


ND 


3 days 


3.0 


0.33 


ND 




7 days 


1.2 


0.19 


ND 
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n g) was mixed with 10 Mg of unlabeled ribozyme before intraarticular 
injection. Numbers reflect percentage recovery ^of total administered 
radioactivity and represent mean values from three separate animals. 
ND, not determined. 

•Assessed by determining radioactivity of an aliquot after the initial 
homogenizatioa with Trizol. 

recombinant human IL-la (Genzyrae) in one knee and vehicle 
(PBS/0.2% fetal bovine serum) in the other. The synovium 
was harvested 6 hr after IL-1 infusion, snap frozen in liquid 
nitrogen, and stored at -80°C. 

RNA Analysis. Total RNA was extracted from synovial 
tissue with Trizol reagent and analyzed by Northern blotting as 
described (36). After probing with a full-length antisense RNA 
probe to stromelysin (see above), the blots were stripped and 
reprobed with a 100-nt complementary RNA probe to IBS 
rRNA (Ambion, Austin, TX) to normalize for loading and 
extraction efficiency. After autoradiography, levels of strome- 
lysin and 18S rRNA were quantified on a scanning densitom- 
eter and the data were normalized to the 18S values. In some 
experiments, RNA was analyzed by both Northern blot analysis 
and RNase protection (P.a1p., unpublished data). The results 
were essentially the same when assessed by either method. 

RESULTS 

Delivery of Ribozymes to Rabbit Synovial Tissues. For these 
studies, ribozyme labeled with 3: P at one internal position was 
administered directly into the intraarticular space. The fate of 
the labeled ribozyme was assessed 4 and 24 hr postribozyme 
administration in the first experiment, and 1, 3, and 7 days after 
administration in the second. The percentage of labeled 
ribozvme remaining in the synovial tissue remained relatively 
constant between 4 and 24 hr (Table 1, Exp. 1). In the total 
RNA fraction,* however, there was a 10-fold increase, in asso- 
ciated radioactivity during the same time period.^ Between 1 
and 7 days, there was a 2-fold drop in the total RNA radio- 
activity and a 4-fold drop in synovial radioactivity (Table 1, 
Exp. 2). Autoradiographic analysis of the synovial tissue at 24 
hr demonstrated that the bulk of the radioactivity was asso- 
ciated with the synovial lining and was intracellular (Fig. M). 

The integrity of the labeled ribozyme extracted with the 
total synovial RNA at the various times is also shown in Fig. 
1. At 4 hr no degradation products could be detected, and by 
24 hr the ribozyme remained 80-90% intact (Fig. LB). There 
were no consistent differences in either the amount or the 
integrity of labeled ribozyme extracted from IL-l-trcated and 
nontreatcd knees. The substantial increase in labeled ribo- 
zyme present at 24 vs. 4 hr noted above was readily apparent. 
Fig. 1C shows ribozyme integrity at 1, 3, and 7 days. Even after 

iThese results may be explained by recenTstudies which indicate that 
fluorescent ribozyme present in synovial cells 4 hr after administra- 
tion is mostly endosomal, whUe at 24 hr there is a more diffuse 
cytoplasmic fluorescence (data not shown). Therefore, although the 
total amount present in the tissues may have been similar at 4 and 24 
hr (as assessed bv total tissue homogcoates). at 4 hr the endosomal 
ribozymes may have been lost in the RNA extraction if the endosomes 
were not disrupted during the homogenization procedure. 



Percent intact 
89 84 81 80 | 100* 93 72 7 




Day 1 3 7 

Fig. 1. (A) Localization of labeled ribozvme in svnoviocvies 24 hr 
after intraarticular injection. i2 ? internally labeled ribozvme (15 x 10* 
cpm; corresponding to 30 ng) was mixed with 10 fig of unlabeled 
nbozyme before injection, (x 340.) (B) Stability of labeled ribozvme in 
synovial tissue 4 and 24 hr after intraarticular administration.* Total 
RNA from synovium (10 u.g P« lane) was run on a 5% acrvlaraidc/ 
urea gel to assess integrity of the labeled ribozvme. (Q Stability of 
labeled nbozyme in synovial tissue 1. 3. and 7 davs after intraarticular 
administration. The -20-nt fragment noted in Fig. 2 is the predicted 
result of endonucleolytic cleavage at two of the unmodified ribonucle- 
otides in the core. *. Sample of nbozyme prior to injection. 

7 days, a small amount of full-length ribozvme was still present 
in synovial tissue. 

Stromelysin Expression in Synovial Tissues of IL-1 -Treated 
Rabbit Knees. The kinetics of stromeivsin expression after 
intraarticular injection of 25 ne of IL-lct was assessed by 
Northern blot (Fig. 2). IL-1 induced a marked but transient 
increase in the levels of stromelysin mRNA that peaked 6 hr 
post-IL-1 infusion and returned to near baseline by 24 hr. 
Saline alone induced a minor but variable increase in strome- 
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Fig. 3. In situ hybridization analysis of stromelysin expression 
synovial tissue after intraarticular injection of 25 ng of recombina 
IL-la. IL-t-stimulated tissues hybridized with antisense compl 
mentary RNA probe. (B) IL-1 -stimulated tissues with sense probe. (< 
Control tissues from saline -injected knees hybridized with antisere 
probe. (X100.) 

Iysin expression, which followed the same kinetics (data n< 
shown). 

Stromelysin mRNA present in IL-l-induced synovial tissu 
was also visualized by in situ hybridization. Fig. 3A illustratt 
the high level of stromelysin expression observed in th 
synovial lining from IL-l-treated joints and its absence in th 
underlying tissue. An adjacent section of IL-l-treated tissu 
incubated with the sense RNA probe was completely neeativ 
(Fig. 35). Fig. 3C shows the much reduced expression observe 
in control, saline-injected knees. Little or no expression wa 
observed in untreated knees (data not shown). 

Reduction in Stromelysin mRNA Levels by Intraarticula 
Delivery of Synthetic Ribozymes. Delivery "studies (Fig. 1 
demonstrated that peak intact ribozvme levels were obsew 
in the synovium 24 hr after injection. Therefore, we chose t. 
administer ribozyme 24 hr before IL-1 stimulation for th 
efficacy studies. The synovial tissue was harvested for RN> 
analysis 6 hr post-IL-1 infusion, the peak of induced strome 
lysin mRNA levels (Fig. 2).. 

A representative dose-response curve for ribozyme 104' 
(U4. U7 NH2. and 3'-iT) demonstrated a significant re ductioi 
in stromelysin message at both the 100 and 300 fiz per kr.es 
dose of active ribozyme (Fig. 4). At a 1.0-mg dose, the efficac 
of the active ribozyme was unchanged or slightly reduced frori 
that seen with the lOO^g dose (data not shown). This ri 
bozyme had been tested on numerous occasions and resultec 
in an average 60% reduction (ranging from 20% to 80%) ii 
stromelysin message levels compared to the level observed ii 
control, vehicle-treated animals. The inactive ribozyme con 
trol retains binding arms identical to the active version bu 
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Fig. J. Dose-response curve of reduction in synovial stromelysin 
mRNA levels by intraarticular injection of ribozyme 1049, U4.U7 
NH2. and 3'-iT. Percentage reduction in IL-l-induccd stromelysin 
message was calculated by using the message level in synovium from 
saline-injected. non-IL-l-treatcd joints as the baseline. Data represent 
wo experiments with a total of four animals per dose. Dashed lines 
represent sundard error of IL-l-treated controls. Statistically 
*ieniiK-an( difference from IL-l-treated controls {P < 0.05). 
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Fio. 5. Reduction in synovial stromelysin mRNA levels by intraar- 
ticular injection of ribozyme 1049, U4 C-allyl, and 5&S P=S. Active, 
inactive* and scrambled ribozymes were tested in parallel. Results from 
a single animal for each ribozyme are given. 

: ains a mutated catalytic domain, thus allowing binding to 
the target sequence but preventing cleavage. There was no 
significant inhibition of stromelysin mRNA levels by the 
inactive ribozyme control at any dose. 

A number of different chemically modified nucleotides have 
been developed that confer significant resistance to nucleolytic 
degradation when incorporated into ribozymes (33). Fig. 5 
shows the activity of an alternative stabilized chemical motif 
targeting the same site, ribozyme 1049. Comparison of Figs. 4 
and 5 shows that the two modified ribozymes demonstrate 
lar efficacy. Fig. 5 also includes a scrambled ribozyme 
.oatrol in which the binding arm sequence of the active 
ribozyme has been rearranged so that it can no longer bind to 
its target site on stromelysin mRNA. Like the inactive control, 
it fails to inhibit stromelysin expression in the synovium. Taken 
together, these two controls indicate that the ribozyme must 
bind to and cleave its target site in order to affect the mRNA 
levels. 

The effects of ribozymes that target several different sites in 
stromelysin message are compiled in Fig. 6. It is clear from 
* u *e data that not all of the sites tested are equally amenable 

;ibozyme-mediatcd cleavage, probably because sites are not 
equally accessible to ribozyme binding. Ribozymes to sites 
14S9R and 883 were consistently ineffective, 1410 has shown 
variable efficacy, and ribozymes to sites 1049, 1366R, and 1363 
have shown consistent and relatively equal efficacy. Inactive 
versions of several of these ribozymes have been tested and 
have consistently failed to inhibit stromelysin expression (data 
not shown). A comparison of ribozymes with different 5' end 
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Fig. 6. Reduction in synovial stromelysin mRNA levels by intraar- 
ticular injection of ribozymes. Combined data from multiple experi- 
ments comparing activity of ribozymes of two different stabilization 
chemistries and ribozymes directed against different sites on the 
message. Dotted lines represent standard error of IL-1 -treated con- 
trols. •. Statistically significant difference from IL-1 -treated controls 
IP < 0.05). 



modifications (with and without phosphorothioate linkages) is 
also contained within these data. In general, ribozymes con- 
taining phosphorothioate linkages at the 5' end show similar 
efficacy compared to non-phosphorothioate-containing ri- 
bozymes. 

DISCUSSION 

We have shown that nuclease-resistant ribozymes injected 
intraarticular^ in rabbits were taken up in the synovial lining 
and remained -90% intact at 1 day and 70% intact at 3 days 
postadministration. Administration of ribozymes directed 
against stromelysin mRNA resulted -in a significant reduction 
in the levels of IL-1 -induced stromelysin message in the 
synovium. This effect was demonstrated with ribozymes rec- 
ognizing several distinct sites on the message and with ri- 
bozymes of different stabilization chemistries. Although ri- 
bozymes to all of the sites were shown to be catalytically active 
in biochemical assays, several were ineffective in vivo. This 
demonstrates the need for an empirical determination of 
appropriate target sites. RNA secondary structure or associ- 
ation with cellular proteins may affect target site accessibility. 
In general, ribozymes that contain mutations that render them 
inactive were ineffective in reducing stromelysin mRNA levels, 
thus supporting a cleavage mechanism for ribozyme activity. 
These results suggest that ribozymes may be useful in the 
treatment of arthritic diseases characterized by deregulation 
of metalloproteinase expression. 

Ribozymes have shown potential as a viable approach for 
the treatment of malignancies and AIDS. In the area of cancer, 
ribozymes to several different targets have been developed 
that are capable of reversing the transformed phenotype and 
reducing cell proliferation or tumorigenicity (13, 37. 38). A 
variety of ribozymes targeting human immunodeficiency virus 
have also been reported (39-41). Thus, a body of literature is 
emerging that illustrates the therapeutic potential for ri- 
bozymes in a broad spectrum of disease conditions. 

The initial findings that synthetic DNA oligonucleotides 
(42) or antisense sequences expressed intracellular^ (43) 
could interfere with gene expression have stimulated consid- 
erable research in the area of antisense therapeutics. Poor 
specificity with DNA oligonucleotides has, however, been a 
recurrent problem with the antisense strategy (44-46). The 
lack of efficacy observed with inactive ribozyme controls in 
this study is evidence of a high degree of specificity by 
ribozymes. In addition, it provides strong support for a cleav- 
age-mediated mechanism of action. 

"The therapeutic potential of stromelysin ribozymes in the . 
treatment of arthritis remains to be determined. Experiments 
to evaluate the impact of stromelysin reduction on cartilage 
proteoglycan levels remain to be done. We do not yet know 
whetheYthe enzyme levels decrease concordantly with the 
mRNA or the degree of enzyme reduction necessary to see a 
therapeutic effect. Because multiple metalloproteinases may 
be invoked in the pathogenesis of arthritis, there may be an 
advantage in targeting more than one enzyme. In addition, 
several delivery issues must be addressed. For example, chon- 
drocytes, as well as synoviocytes, produce stromelysin after 
!L- 1 stimulation. We are assessing the relative contribution of 
these enzyme sources to cartilage proteoglycan loss as well as 
the ribozyme uptake by these tissues. For chronic conditions 
such as arthritis, sustained release approaches would be ben- 
eficial, and several are under consideration. 
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Abstract 



*rt^\ RNA < ymC) W3S formuIated with Polyacrylic acid (Carbopol*) for ocular delivery in mice In vitro 
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' T 1 n fl ? y °" ° f Cat, ° nS - ^ rib ° 2yme WaS f0rmuIated with Polyacrylic acid and administered to mouse eves 
t^™™F°*' mi ° rib ? 2ymC W " ° btainCd C ° mpared 10 rib02ymc al0nC - Furthercharacterisation of t Z Son 
Sri^m^™ aCCU T iali ° n WhCn aPPHed 25 3 HqUid rathCf than 3 * d * Two ™*o*s were S,tow 

yeswith^ 

eyes wuh m,croccocai nuclease after nbozyme administration. Less than 507c of the ribozvme was removed by nucleate 
second method v.sual^ed ribozyme localization wjdftn the tissue by autoradioeraphv usinn -P-labeiedribozyme ✓ 
SmTnlt^ ° ZymC T ,0Cali2ed " ° UtCr ,ayerS ° f thC COn -' epithelium 10 mfn after SSCS^XS 
showed h T* W ! fe l0CaIiZCd ° VCr thC l0WCr epithdiaI la * ers and int0 <™ ri *- The Unctics of ribozym ^accuZlat on 
showed that uptake peaked 30 min after administration and the ribozvme levels persist in the ocular tissue f^3 h at r 
admm.stratton. Ocular retention of the ribozyme was linear over the dps, ran 2 e of 42-833 M M w£a^^^i^^ 

e^imdLm 1116 P ° tCmial P ° ,yaCryIiC 10 b ^ TO,,ed " rdeaSe d ^ <Wvehidc 'for rlo^l 
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1. Introduction 

Development of oligonucleotide based therapeutics 
has rapidly progressed over the last several years. The 
rationale has been to specifically inhibit the synthesis 
of a key protein responsible for maintaining a disease 
state. An oligonucleotide 20-25 nucleotides in length 
is designed to bind with sequence specificity to an intra- 
cellular target RNA. Hybridization leads to transla- 
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Present address: Somatix Therapy Corporation. 850 Marina Vil- 
lage Parkway. Alameda, CA 94501, USA. 
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tional arrest or triggers ribonuclease H degradation of 
the target RNA. These types of therapeutics include 
antisense DNA and ribozymes. There have been several 
examples where antisense DNA has been used both in 
vitro and in viy^jo inhibit protein expression and pro! 
duce a biological endpoint [ I^J.invivc^efficacy of 
antisense DNA required the assistance of delivery vehi- 
cles, such as pluronic gels, cationic lipids or ligand 
derivatized polylysine. to decrease the effective dose 
[5-10] compared to administration of the antisense 
DNA alone [11]. 
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Development of ribozyme based therapeutics may 
*Iso require assistance of a delivery vehicle to gain 
entry into a diseased tissue and cell. The target strategy 
is similar to antisense with the difference being that a 
ribozyme can catalytically cleave the target RNA in the 
absence of intracellular enzymes leaving the target 
RNA permanently inactive for protein synthesis. There 
are examples that show ribozyme mediated reduction 
of specific mRNA levels and protein levels yielding a 
biological endpoint. These include prevention of HIV 
proliferation [12,13] and inhibition of cell prolifera- 
tion by bcr-abl transformed cells [ 14,15]. There is one 
jfl vivjL report of ribozyme activity that involved 
expression of the ribozyme to inhibit the expression of 
a specific gene [16]. The first step towards achieving 
ill vivp ribozyme activity with chemically synthesized 
nbozymes is to show that ribozymes are taken up by 
the appropriate tissue. One approach is to formulate the 
ribozyme in a delivery vehicle capable of creating a 
controlled release depot at the site of administration, 
• such as polyacrylic acid. 

Polyacrylic acid has the unique property of being a 
liquid at pH 5 and a gel at pH 7. Permeation of cations 
into the gelled poly mer collapses the gel back to a liquid 
[ 17]. In terms of a drug delivery vehicle, it is ideal for 
ocular delivery of ribozymes to the corneal epithelium. 
The nbozyme/polymer formulation binds to the sur- 
face of the corneal epithelium. The ribozyme is released 
as cations from the tear fluid and secretion from the 
epithelial cells collapse the gel to a liquid. The first step 
toward determining the feasibility of this system as a 
potential therapeutic was to assess ribozyme retention 



"PJATP and [y-" P ] A TP were purchased from 
Dupont-NEN, Wilmington, DE. 

2.2. DNA synthesis and radiolabeling 

RNA was synthesized on an ABI 394 Synthesizer 
according to the method of Scaringe et al. [18]. The 
ribozyme sequence was 5'-GCGUCUCUGAUGAG- 
GUCCGA-AAGGACCGAAACGGUC-3' and con- 
tamed five 2'-0-methyl ribose nucleotides at the 

? u T^u'^ ° f rib02 yme- The ribozyme was 
labeled by adding a 2-fold excess of [ y-"P] ATP with 
5 units of T4 polynucleotide (ATP:5'-dephosphopo- 
lynucleotide 5'-phosphotransferase) kinase (EC 
2.7.1.78) (United States Biochemical Corporation 
Cleveland. OH). Unincorporated radiolabel was sepa- 
rated from the radiolabeled ribozyme using a 1 ml 
Sephadex (Pharmacia. NJ) G-25 superfine spin col- 
umn equ.librated with diethylpyrocarbonate treated 
water. 

2.3. In vitro compatibility of polyacrylic acid and 
ribozymes 

A 1 % stock of Carbopol* 974 in water was prepared 
by vortexing the polyacrylic acid into solution and 
hydrating the polyacrylic acid overnight at room tem- 
perature. Gel formation and release of RNA £»tfs1ld~ U2 '^ X ^ 
prior to in vj vo testing. 3 -P-!abeled ribozyme was for- 
mulated with polyacrylic acid in the liquid phase. pH 
5. Carbopol 35 concentrations ranged from 0.05 to 0.5% 
with the ribozyme concentration held constant at 1 me/ 
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by a tissue and determine which cell tVDes accumulated mi a t . 1 

the ribozymes. The mouse eye was di^Tm^^ 



fb — " v " ,uujt was a s signed as a mode 
system fe^valuatiSj-if the ribozyme/Carbopol" for- 
mulation. Hence, this report describes them vivo char- 
acterization of ribozyme accumulation in mouse 
corneal epithelium using polyacrylic acid as the deliv- 
ery vehicle. 



2. Materials and methods 
2.1. Reagents 

Phosphoramidites were purchased from Chemeenes. 
Waltham, MA. Carbopol* 974. Pemulen* TRI and 
TR2 were obtained from B.F. Goodrich. OH. [y- 
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sample either remained as a liquid or was convened 
to a gel by the addition of 2 M l of 2 N ammonium 
hydroxide into the droplet using a 10 /tl Hamilton 
syringe. The parafilm was washed with a stream of 
water and the wash was counted. The water wash was 
followed by a phosphate-buffered saline (PBS- 140 
mM NaCl, 2.7 mM KCI. 10 mM sodium phosphate. 
pH 7.4) wash and the PBS wash was counted. The PBS 
was mixed with 95% formamide. loaded on to a 20% 
polyacrylamide denaturing gel and analyzed for intact 
ribozyme. 

Ficoll flotation was performed by mixing the ribo- 
zyme and Carbopol" together to yield a final concen- 
tration of 0.5% Carbopol* and 1 mg/ml of ribozyme. 
The ribozyme was labeled at the 5'-end with 
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[ -PJATP. 50 /il was neutralized with ammonium 
. ' hydroxide to form the gel. The gel was overlaid with I 
ml of 30% Ficoll in water. This was overlaid with 1 ml 
of 10% Ficoll followed by 1 ml of water. The gradient 
was centrifuged at 3000 rpm in a desk top centrifuge 
for 15 min. The gradients were fractionated into 0.5 ml 
aliquots and analyzed for radioactivity. 

2.4. In vivo administration ofribozymes 

Polyacrylic acid was hydrated overnight with die- 
thylpyrocarbonate treated water at a concentration of 
1%. Equal volumes of 1% Carbopol* and radiolabeled 
nbozyme were mixed to yield a final concentration of 
0.5% Carbopol* 9 , pH 5. Short term anesthesia was used 
to anesthetize the mice during Carbopol/ribozyme 
administration. The mice remained anesthetized for 
20-30 mm after administration. 2 /xl of the mixture was 
applied to each mouse eye using a P2 pipetman (Gil- 
son, Emeryville, CA). The mice were ktfled bv cervical 
• dislocation. The eyes were surgically removed, washed 
three tunes in PBS and placed in 100 M l of 95% for- 
mamide. The eyes were frozen in liquid nitrogen and 
thawed at room temperature three times. 40 fil was 
applied to a 20% acrylamide sequencing gel. The 
amount of intact ribozyme was quantitated using a 
Pnospholmager (Sunnyvale, CA). For autoradiogra- 
phy of tissue sections, the eyes were fixed in 3% »| u . 
taraldehyde and embedded in paraffin. The eyes Jere 
sliced in 5 fim sections and stained with standard hema- 
toxalin/erythromycin or overlaid with photographic 
emulsion ( Kodak NTB 2.26, Rochester, NY). The sec- 
tions were exposed to the photographic emulsion for 8 
days prior to development. 

.0 

3. Results and/fiscussion 

3.1. In vitro characterization of ribozyme/polyacrylic 
acta compatibility 

Ribozyrne/Carbopol* was determined using a sim- 
ple assay >-P-Labeled ribozyme was formulated with 
Carbopol and applied to a piece of parafilm at pH 4.5. 
Washing the parafilm with a jet of water completely 
removed the ribozyme. Neutralization of the ribozyme/ 
Carbopol solution with ammonium hydroxide pro- 
duced a gel. Ammonium hydroxide was used 



preferentially to avoid the introduction of sodium ions 
which could interfere with gel formation. Washing the 
gelled sample with water did not remove any ribozyme 
from the parafilm. Washing the same sample with phos- 
phate-buffered saline (PBS) completely removed the 
ribozyme from the parafilm. The ribozyme obtained 
from the PBS wash was applied to a 20% polyacryla- 
mide denaturing gel and shown to be 100% intact The 
nbozyme also retained 100% substrate cleavage activ- 
ity (data not shown). This model system was" simple 
in design but showed that the ribozyme could be loaded 
into the polymer in the gel state and released upon 
addition of cations. The released ribozyme was not 
degraded and remained catalytically active, thus show- 
ing compatibility between the two components. 

An independent assay was used to check the in vitro 
loading capacity of the polyacrylic acid This asla^ 
relied on buoyant density of the polymer in the gel 
state. The ribozyme was mixed with polyacrylic acid 
and neutralized to pH 7. The gel was overlaid with a 
discontinuous Ficoll gradient composed of 30%, 10% 
Ficoll and water. Aftercentrifugation, the radioactivity 
was counted at the 10% Ficoll/water interface 75% 
percent of the 32 P-CPMs were localized at the interface 
when the formulation was a gel. Less than 5% of the 
-P-CPMs were at the interface when the Carbopol*/ 
ribozyme formulation was a liquid. Several polyacrylic 
acid based polymers were tested with the parafilm 
assay. These included Pemulens* TR-1 andTR-2, Car- 
bopol* 940 and Carbopol* A-52 and Carbopol* 974 
The gel formed by Carbopol* 974 appeared to have the 
most mechanical strength and was tested for in vivo 
delivery. The assessment of mechanical strength was 
based solely on physical appearance. 

3.2. In_ v jvo administration of ribozyme/polydcrylic 
acid to mouse eyes 

Accumulation of intact RNA in the mouse eye was 
tested using RNA alone and RNA formulated with Car- 
bopol* 974. Carbopol*/RNA was applied to the 
mouse eye in the liquid state and the gel state. The 
amount of intact RNA retained by the mouse eye was 
assayed 3 and 10 min after application. The eyes were 
washed in water, saline or washed with saline followed 
by treatment with microccocal nuclease for 1 min. The 
water wash was designed to remove ribozyme loosely 
associated with the eye. The PBS wash should collapse 
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Fig. 1. Ribozyme uptake by mouse corneal epithelium: Effect of gel vs liquid for ribozvme/polvacrvlic acid formulation A 1 fil dose of 42 mM 
nbozyme was applied to mouse eyes by itself or formulated with 0.5* polyacryiic acid. The ribozvnw/polv K rvlic acid was applied as a liquid 
Zl* *, 7 b02yme radiolabeIed at the 5 *- tfnd " ith ( r- ,: PI ATP. The total R\A was extracted from the mouse eye and analyzed on a 
ZU% polyacrylamide/urea gel. Each lane represents extraction from one eye. 



the gel releasing the ribozyme/CarbopoP from (he 
surface of the eye, and the PBS wash followed by 
treatment with microccocal nuclease should remove 
ribozyme bound to the eye in the absence of Carbopol * 
974 leaving only the internalized ribozyme. The 
amount of microccocal nuclease added was sufficient 
to completely digest the ribozyme within 1 min. The 
results are shown in Fig. 1 . Panel A is RNA alone; panel 
B is RNA with Carbopol ,v 974 in the fluid state (pH 



5); and panel C is RNA with Carbopol* 974 in the gel 
state (pH 7). The amount of ribozyme retained by the 
eye when applied in the absence of polyacryiic acid 
(panel A) was approximately 17c of the offered dose. 
This value was the same for both the 3 and 10 min time 
points. Ribozyme formulated with polyacryiic acid in 
the liquid state showed 3-5-fold more ribozyme in the 
eye compared to the free control. Panels B and C show 
a comparison of ocular ribozyme retention when 
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Fig. 2. Tissue localizfio^ftgSse iyfe. A 2 M l dose of 42 M M ribozyme. 0.5* polyacrvlic acid dose was applied to mouse eves The ribozyme 
was radiolabeled at the5'-end with f y-»P| ATP. The eyes were harvested after 10 and 30 min. fixed with glyceraJdehvde. embedded in para/fin 
and cut into 3 mm sections. The sections were overlaid with photographic emulsion and exposed for 3 days. T i n , '0 r jii U uQ a iu.. m ilu 
nu^iuiiLJiiuji ufiliL uLijiuin* The epithelium is designated by E' and the matrix by \M\ 



applied as a liquid or a gel. respectively. More ribozyme 
was retained by the eye when applied as a cel. However, 
micrococcal nuclease treatment showed that more ribo- 
zyme was internalized when applied as a liquid. The 
implication was that the ribozyme was protected due to 
internalization of the ribozymes into the tissue. These 
results showed that Carbopol i0 974 was able to yield a 
higher level of ribozyme retention by the mouse eye 
compared to ribozyme alone. Application of this for- 
mulation as a liquid achieved better penetration into 
the tissue. 

3.3. Tissue distribution of ribozymes in mouse eyes 

The above results showed that the RNA accumulated 
in the eye and indirectly showed that the RNA had been 
internalized. Ribozyme internalization was more 
clearly shown using "P-Iabelcd RNA followed by 



autoradiography of the tissue sections. 33 P has the 
advantage of low level radiation yielding discrete silver 
grains upon exposure :o a photographic emulsion. The 
isotope Was incorporated into the ribozyme at the 5'- 
end without altering the chemical structure of the ribo- 
zyme. and formulated in 0.57c Carbopol*'. The 
ribozyme/polyacrylic acid was administered to two 
eyes. One eye was sectioned and analyzed by autora- 
diography for localization of the ribozyme. Total RNA 
was extracted from the other eye and analyzed by gel 
electrophoresis to show that the silver grains repre- 
sented intact ribozyme. The autoradiography are shown 
in Fig. 2. Sections were processed 10 min and 30 min 
after administration. The sections are shown at 400 X 
and 600 X . 1 0 min after administration, the silver grains 
were localized in the outermost layers of the corneal 
•epithelium. 30 min after administration, the grains were 
also found in lower ceil layers and in the matrix 
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Rg. 3 Kinetics of ribozyme uptake. 2 M l of 42 ribozyme/0J% polyacrylic acid. pH 5 was applied to mouse eyes. At each time point, the 
total RNA was extracted from the eyes, analyzed on a 20% acryl amide/ urea gel and the amount of intact ribozyme was quantitated usine a 
Phosphorlmager. Each data point represents 6 eyes. ■" " S 



between the epithelium and the endothelium. Total 
RNA extraction showed that 80% of the delivered ribo- 
zyme was intact verifying that the silver grains repre- 



sented ribozyme distribution and not reasimilated 
radiolabel. These results showed that with time, the 
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Fig 4 Dose dependent ocular accumulation of ribozymes. Increasing concentrations of ribozyme were formulated with 0.5% polyacrylic acid 
" 01 " Ch ° 0Se was a PP Iicd t0 the ™>use eyes. Eyes were harvested 30 min after administration and the total RNA was extracted The RNA 
was analyzed using a 20% acrylamide/urea gel and quantitated using a Phosphorlmager. Each data point represents an average of 6 eyes 
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Characterization of the ribozyme distribution within 
. the corneal epithelium showed that the ribozyme con- 
tinued to accumulate 30 min afteradministration. Ribo- 
zyme accumulation was measured over a 3 h period 
using a 1 /xg ribozyme/0.5% polyacrylic acid dose to 
determine the peak time for accumulation. The results 
are shown in Fig. 3. RNA uptake peaked between 10 
and 30 min after administration and remained at that 
level for the duration of the time course. These results 
were consistent with the previous observations that the 
ribozyme continued to accumulate in the mouse eyes 
10-30 min after administration. Intact ribozyme per- 
sisted in the tissue for up to 3 h after administration. 

3.5. Polyacrylic acid loading capacity of ribozymes 

The loading capacity of Carbopol* 974 was tested 
in vivo by formulating the ribozyme/ Carbopol® in 
such a way that the CarbopoP concentration was held 
constant at 0.5% and the ribozyme concentration was 
increased from 42 to 833 /xM. 2 fi\ was applied to each 
eye yielding a range of 0.5-20 fig of ribozyme applied 
to each eye. The eyes were harvested 30 min after 
administration and the cells of the tissue were lysed by 
freeze-thawing the tissue in the presence of formamide. 
This procedure was shown to release a minimum of 
90% of the radioactivity associated with the eye. 40 /xl 
of the 100 ftl lysate was analyzed by 18% polyacryla- 
mide urea gel and quantitated using a Phospholmager. 
The results are shown in Fig. 4. A linear relationship 
was observed between the offered ribozyme dose and 
the percentage retained by the eyes. These results 
showed that the ribozyme loading capacity of the Car- 
bopol* was not exceeded by the 833 fxM ribozyme 
dose. The dose curve for RNA accumulation was linear 
over the range tested yielding 5% of offered dose 
retained by the eye. 

4. Conclusions 

The results from this study demonstrated the utility 
of Carbopol® 974, a polyacrylic acid based controlled 



zymes. The tested ribozyme w*---ot degraded in the 
presence of the polymer, the rf le retained its cat- 
. alytic activity after being relea_- from the polymer 
and the polymer was able to increase ocular retention 
5-10-fold compared to unformulated ribozyme. The 
degree of ribozyme accumulation in the absence of 
Carbopol* 974 was surprising in lieu of the chemical 
composition of the ribozyme, a negatively charged pol- 
ymer with a molecular mass of approximately 12 kDa. 
It suggested that a transport process existed for the 
ribozyme whether it be facilitated transport, passive 
diffusion or endocytosis. _In vitro characterization of 
ribozyme uptake by primary tissue culture cells has 
show that ribozymes can be taken up by cells with 50% 
of the internalized ribozymes being localized in the 
cytoplasm (unpublished observation). The process 
was inefficient yielding approximately 0.5% of the 
offered dose being taken up over a dose range of 0.5- 
5 /xM. Similar results have been reported forantisense 
DNA [ 19-2 1 J . Even though this process is inefficient, 
these observations showed that ribozyme can get into 
cells and once inside^ the ribozyme can gain access to 
the cytoplasm. By increasing the residence time of the 
ribozyme in the eye or creating a localized depot 
adsorbed tot he surface of the eve, this transport process ^ 
could therjKed to transport ribozymes into the corneal 
epithelium. This is, in pan. the explanation for the 
enhanced uptake by the Carbopol formulated ribo- 
zyme. 

The fact that the ribozyme had been transported into 
the cells was verified by two independent observations. 
The first involved the comparison of the gel state for- 
mulation vs. the liquid state formulation shown in 
Fig. 1. The last set of conditions in each panel contained 
a micrococcal nuclease treatment of the eyes prior to 
extraction. This condition was designed to digest any 
ribozyme adsorbed to the cell surface. The control was 
verified by showing that the ribozyme was completely 
digested under the specified conditions (unpublished 
result) . For each of the formulations, there was remain- 
ing ribozyme after this treatment with the gel state 
formulation yielding the greatest amount of intact 'ribo- 
zyme. There is always the argument that micrococcal 
nuclease access to the ribozyme could have been 
restricted when adsorbed to the surface of the eye. How- 
ever, internalization and also paracellular transport was 
observed in the autoradiography imaging of the eye 
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« showed that a minimum of 80% of the r "'P repre- 
sented intact ribozyme. Hence, the maj jf silver 
grains in the autoradiography was intact ribozyme. Not 
u only were the gains localized over cells but also 
between cells. Furthermore, comparison of the 10 and 
30 min time points showed that the ribozyme had pro- 
gressed from the outer layer of the epithlium to the 
deeper layers with time. 

The degree of ribozyme retention and the increased 
penetration of the ribozyme into the inner layers of the 
corneal epithelium suggest that the Carbopol® 974 may 
have played more of an active role in ocular retention 
of the ribozyme rather than increasing ribozyme resi- 
dence time. In vitro uptake studies showed the highest 
degree of ribozyme uptake was 0.5% with the highest 
offered dose being 5 ^tM (unpublished results). The jn 
vivo retention of the unformulated ribozyme gave a 
. similar result. However, the Carbopol* 974 formulated 
ribozyme yielded between 5 and 15% retention. These 
observations are consistent with those obtained for Car- 
bopol*934P/pilocarpine applied to rabbit eyes [22]. 
For this study, m In-IabeIed Carbopol**934P showed a 
rapid clearance rate within 5 min of administration fol- 
lowed by a slower rate of clearance yielding a final 24% 
of the applied dose retained by the eye 55 min after 
administration. An efficacy study compared pilocar- 
pine formulated with either Carbopol®934P or poly- 
vinylakohol. Both formulations had the same 
viscosity. The Carbopol w 934P/pilocarpine was more 
efficacious than the polyvinyl alcohol formulation sug- 
gesting that increased efficacy was due to rgore than 
just increased residence time as a result o^ncreaseal t\ 
viscosity. Other mechanisms include increased bioad- 
hesiveness, induction of increased permeability to the 
drug, or induction of paraceilular transport. This later 
mechanism has support from jn vitro studies using che- 
lating agents to disrupt gap junctions in epithelial cells. 
Specifically, |n vitro, epithelial cell layers' treated with 
EDTA were shown to. have disrupted gap junctions 
[23] thereby reducing the selective permeability bar- 
rier of the epithelium. This process was reversible 
because removal of the EDTA allowed the gap junc- 
tions to reform. Both polyacrylic acid and RNA are 
capable of chelating divalent cations. The adsorption 
of the Carbopol and RNA to the epithelial cells may 



oaseci on tne aoove in forma? inn, a proposed model 
for the mechanism of increa.* ozyme penetration 
into the epithelial layers invo. ./release of material 
from both sides of the polymer, the side exposed to the 
tissue and the side exposed to the external environment. 
The tear fluid contains cations that erode the formula- 
tion from the surface of the eye. At the same time the 
cell secretes divalent cations causing the collapse of 
the gel at the cell surface with subsequent release of the 
ribozyme. This later release mechanism may do more 
than release the ribozyme at the eye surface. The poly- 
acrylic acid may serve the same function in vivo, as 
observed with EDTA in vitro resulting in paraceilular 
transport of the ribozyme to the inner layers of the 
corneal epithelium. 

The amount oOntact ribozymein£ide the cells should 
be sufficient is^BEe the ribozyftSfir large excess of 
the target transcript. This conclusion is based on the 
following calculation. The applied concentration of 
ribozyme formulated with polyacrylic acid ranged from 
42 to 833 juM. If an assumption is made that there are 
approximately 100 000 ceils in the mouse corneal epi- 
thelium, 5% uptake of the lowest dose offered yields 
2.5 X I0 7 ribozymes per cell. This amount of intracel- 
lular ribozyme easily falls, within the therapeutic win- 
dow for ribozyme therapy. 

Another important component in pharmaceutical 
drug development is the shelf life stability of the prod- 
uct. The shelf life stability for the formulated ribozyme 
was tested for degradation and ocular retention using a 
freshly prepared batch of polyacrylic acid/ribozyme 
vs. a batch that was stored at4°C. Each was tested over 
the course of I month. No ribozyme degradation was 
observed over that time and there was no difference in 
the kinetics of uptake between the freshly prepared 
batchy the batch stored at 4°C (unpublished result). 

Thk i%suTtsfiave identified a controlled release pol- 
ymer formulation for ribozymes that should decrease 
the therapeutic dose compared to the non-formulated 
ribozyme. Secondly, it has. opened the door to a path- 
way for delivery of small RNA and DNA molecules to 
epithelial cells that had not been previously identified. 
This is an important advancement for antisense DNA 
and ribozyme based therapeutics. 
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Ribozymes: Basic Science and Therapeutic Applications 



A(^09 IDENTIFICATION OF METAL CLEAVAGE SITES IN - 

HUMAN BRAIN TRANSCRIPTS. Daniela Marazziti. 
Rataele Matteoni+ Elisabetta Golini. Angela Gallo and Glauco 
P. Tocchini-Valentini, Istituto Biologia Cellulare CNR, Roma. 
Italy + EniChem SpA. Monterotondo. Roma. 
Divalent metal ions are involved in ribozyme function, both in 
promoting proper folding of the RNA and directly participating 
in catalysis. We have investigated the presence of specific 
divalent metal cleavage sites in pools of human brain cDNA 
transcripts. cDNA obtained from a collection of human brain 
mRNA was cloned into a transcription vector. Pools of cDNA 
clones of length 250-280 bp were transcribed in vitro and the 
RNA. assayed for the presence of lead-specific cleavage sites. 
We identified one transcript specifically cleaved in the 
presence of £1 mM Pb ++ . The cleavage site was mapped by 
primer extension and direct sequencing of the cleavage 
product. Secondary structure prediction by computer analysis 
placed the Pb ++ cleavage site in the single stranded region of 
an asymmetric internal loop within an helical hairpin. Similar 
structural motifs have been reported for in-vitro selected. Pb ++ - 
dependent ribozymes. Database analysis with search keys 
combining sequence and secondary structural elements 
revealed the presence of homologous motifs in gene transcripts 
of various metal-binding proteins. We prepared oligonucleotide 
templates corresponding to the "conserved" putative cleavage 
motif The templates were transcribed in vitro and tested for 
cleavage by metal ions. Specific cleavage at the original site 
was observed in the presence of Pb ++ . The effect of other 
divalent metals was also studied. 



Aft-410 BIODEGRADABLE POLYMER DEVICES POR TIE 

SUSTAINED EXOGENOUS DELIVERY OH RIBOZYMES 
K J Lewis A. Hudson. M.V. Rao* and S. Akhiar. 
Pharmaceui'ical Sciences Institute. Aston University. Aston Tnanglc. 
Birmingham. UK. B4 7ET. and ♦Cruachcm Ltd. Glasgow. Scodand. 

Ribozymes have been shown to inhibit gene-exprcsion in a sequence- 
specie manner by causing cleavage of target mRNA. Stud.es to da* 
suggest that RNA subisraies are relauvely unstable" for "ogeous delivery 
and that for sustained efficacy repeated admistrauon is likely but cUmcally 
undesirable. For these reasons, exogenous delivery systems which can 
protect ribozymes form ribonuclease digestion and umultaneously provide 
sustained delivery over extended lime periods may be useful for the 
biopharmaceutical application of RNA ribozyme nucleic acioV 
Biodegradable polymer matrices offer this potential and have been 
evaluated for the potentail exogenous delivery of nbozymes in our 
la^ratory. In this pmliminary study we have evaluated the potential use of 
solvent cast films ( lOOum) of poly L-laclic acid (PLA) polymer of 
molecular weight 690.000. A 32 mcr hammerhead ribozyme anusense to 
Se human c-mvc oncogene exon 2, was used to demonstrate sustained 
release of the ribozyme from the PLA film in vitro and to confirm that the 
polymer protects the entrapped ribozyme ^jf^^^^^ 
The ribozyme (Cruachem) was deprotected and 5 end labelled with 
32pvATP and bacteriophage T4 polynucleotide kinase. The radiolabeUed 
ribozyme was incorporated into a 2 % polymer-chloroform solution 
before casting of the film. Release of the oligonucleotide was monitored 
usino liquid scintillation counting and the stability of the free and polymer 
entrapped ribozyme in foetal calf serum was monitored using denaturing 
- polyacrylamide gel electrophoresis. The released ribozyme from die 
polymer matrix was reacted with its substrate to ensure it was sail capable 
of cleavinc the active site on c-mvc sequence The iij , v.rro release : profta 
sucgest that the entrapped ribozyme was released biphasicaliy from the 
polymer films, characterised by an initial rapid burst of release lollowcd by 
a more sustained release which extended for several weeks. The po ymer 
entrapped ribozymes were resistant to degradauon from serum nucleases 
over a U day period, compared to free ribozyme which was rapidly 
degraded. The in vitro cleavage activity of the polymer released 
hammerhead was similar to free ribozyme suggesting that the polymer 
device fabrication procedure did not affect the biological properties of the 
RNA. 
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A6-411 Analysis of functional structure of HDV ribozyme by 

modification interference and in vitro selection strategies 
Satoshi Nishikawa\ Yeon Hee Jeoung 1 , Penmetcha Kumar\ 
Junji Kawakami 1 . Fumiko Nishikawa\ Atsushi Chiba 1 ^. Kazuhiro 
Yuda 1 - 3 , Petri Villjanen 1 & Kazunari Taira 1 - 3 
1 National Institute of Bioscience & Human Technology, z lbaraki 
Univ., 3Tsukuba Univ., Tsukuba. Ibaraki, 305 Japan. 

HDV ribozyme derived from human hepatitis delta virus can 
catalyze the self-cleavage reaction in the presence of Mg 2+ ions 
with the same fashion of hammerhead and hairpin nbozymes. But 
there are no structural homologies between these ribozymes. in 
order to elucidate the functional structure of HDV genomic 
ribozyme we have studied by in-vitro mutagenic analyses and 
chemical probing method. These results supported pseudoknot 
secondary structure model and identified important bases for 
cleavage reaction. These bases are all located in single stranded 
regions (SSrA, B and C) in this structure and furthermore they are 
all conserved in HDV antigenomic ribozyme. 

Recent several studies on ribozymes have suggested that 
ribozyme is also one of metal enzymes. To elucidate the binding 
site of Mg2+ ions for catalytic reactions in HDV nlx>zyme we 
generated modification interference analysis with partially thio- 
substituted HDV ribozyme and Pb 2 * cleavage analysis in the 
presence of Mg2+ ions. We could identify important r^osphates, 
that is -1. 0 which are located in cleavage site. 21 in SSrC region 
and 75 in SSrB region. These phosphates seem to be close 
together for folding of active conformation and agreed with 
recently proposed tertiary structure modeL 

HDV ribozyme may have good advantage for therapeutic 
application because of its origin. Trans-acting HDV genomic 
ribozyme based on pseudoknot secondary structure can cleave 
• 13-nts substrate. Although this frans-acting HDV genomic 
ribozyme was very less active compared to antigenomic one. 
activity increased 100 fold by extending the stem II base painngs 
from 5 to 8. Based on this molecule we are now trymg to select 
higher active HDV ribozyme by in vitro selection procedure. 



A«H*12 EFFECTIVE RIBOZYME DELIVERY IN PLANT- 
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E.S Dennis^and George Bruening 1 . 2 ; Centre for 
Engineering Plants resistant against pathogens 
(CEPRAP) 1 . Dept. of Plant Pathology. University of 
California. Davis 2 , and CSIRO Division of Plant 
Industry. Canberra Australia 3 

This project investigates the utility of highly expressed 
linear or tRNA-embedded ribozymes (Rz) as a means of 
inactivating specific target RNAs in plant cells. 
Hammerhead Rz and antisense (As) sequences have 
been incorporated into a tyrosine tRNA and compared . 
with the analogous linear molecules. To further optimise 
the levels of Rz and As transcripts in vivo, we have used 
an autonomously replicating vector. In vitro, the linear 
Rz was able to induce significantly greater levels of 
cleavage of the designated target RNA. chloramphenicol 
acetyl transferase (CAT), than the tRNA-embedded Rz. 
In contrast to this, in vivo CAT activities show that the 
tRNA-embedded Rz is able to reduce CAT activity to 15% 
of control levels. This is considerably more effective 
than the linear Rz and control As sequences. A . mutated, 
non-cleavable CAT target sequence did not exhibit the 
increased reduction in CAT activity in the presence of 
the tRNA-embedded Rz. The tRNA Rz construction was 
initially made with functional RNA polymerase II and 
III promoter sequences. Mutagenesis of these 
promoters has revealed the most active Rz transcript is 
derived from the RNA polymerase III promoter. Finally 
analysis of CAT mRNA accumulation in the l?r««« of 
the tRNA Rz indicates that the reduction in CAT activity 
is consistent with in vivo cleavage of the CAT mRNA. 
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How cancer cells become resistant to chemotherapy is 
not completely understood, but it is believed that 
resistance is usually associated with overexpression of 
drug resistance genes. Drug resistance mediated bv the 
MDR-1 gene is the first well characterized form of 
drug resistance in human cancen MDR-1 encodes a 
phosphoglycoprotein, P-GP, that serves as an energy- 
dependent drug efflux pump, reducing intracellular 
drug accumulation and thereby cytotoxicity. We have 
used ribozymes to reverse the multiple drug resistance 
phenotype. A hammerhead ribozyme recognizing the 
GUC sequence at position -6 "to -4 close to the 
translation start site of the 4.5 kb MDR-1 mRNA was 
prepared by in vitro transcription (MDR-l-RZiv) or 
chemical synthesis (MDR-I-RZs). Both MDR-l-RZiv 
and MDR-l-RZs specifically cleaved Xht MDR-1 mRNA 
into two parts of the expected size under physiological 
conditions in an extracellular system with MDR-l- 
RZiv being more effective. Site-specific cleavage was 
dependent on time, temperature and [MgCU]. To exam- 
ine the in vivo potential of MDR-1 -RZ". MDR-l-RZiv 
and MDR-l-RZs were transfected into a human pleural 
mesothelioma cell line and into one ad riamycin -resist- 
ant and one vindesine-resistant subline thereof by 
iiposome-mediated transfer. Incorporation of ribo- 
zymes resulted in significantly reduced expression of 
the MDR-1 gene, with MDR-l-RZs being more potent 
than MDR-l-RZiv in vitro. MDR-l-RZ reduces P-GP 
overexpression at the protein level. Liposome-mediated 
transfer of MDR-l-RZiv or MDR-l-RZs reversed 
the multiple drug resistance phenotype and restored 
sensitivity towards chemotherapeutic drugs. 
Key words: chemosensitivity/iV/Z)^7/ribozyme 



Introduction 

Conventional chemotherapy of metastatic cancer leads to 
cure of only a minority of patients. F r the maj rity f 
patients with disseminated neoplasia, treatment is paJiiau ve 
and prolongation of life is limited. Most of these neoplasias 
are intrinsically resistant to almost any anti-cancer drug. 



Other tumors, though originally chemosensitive, recur 
after successful induction of remission and are then 
chemoresistant. The molecular basis for the clinical phe-. 
nomenon of broad spectrum resistance to anti-cancer drugs 
has been the matter of intensive research (Pastan and 
Gottesman. 1987; Bradley et a/., 1988; Biedler, 1991; 
Black and Wolf, 1991; Roninson, 1991). Of the Various 
mechanisms by which tumor cells might escape the 
cytotoxic action of anti-neoplastic drugs, the best charac- 
terized form of drug resistance has been ascribed to the 
expression of the multiple drug transporter phosphoglyco- 
protein (P-GP). P-GP is a 175 kDa membrane protein 
which is encoded by the multiple drug resistance I 
iMDR-i) gene (Gottesman and Pastan, 1993). Cells 
expressing the product of the MDR-1 gene do not appro- 
priately transport and accumulate certain amphipathic 
pharmacologic agents including DNA intercalates, toxic 
peptides, amimicrotubule drugs, immunosuppressants (e.g. 
cyclosporin. FK506 and rapamycin). antibiotics, steroid 
hormones, synthetic hormone analogs (e.g. tamoxifen), 
antipsychotics (e.g. phenothiazines) detergents, calcium 
channel blockers and a variety of anti-cancer drugs (Licht 
and Herrmann, 1994). The physiological function of P-GP 
is, however, not yet completely understood. Detoxification 
of naturally occurring compounds and excretion of endo- 
genous metabolites, e.g. steroid hormones, have both been 
discussed (Gottesman and Pastan. 1993). In addition, a 
possible role of P-GP in protecting cells from mutagenic 
agents has been hypothesized (Ferguson and Baguley, 
1993). 

As a result of P-GP expression, tumor cells exhibit an 
increased efflux of cytotoxic agents used for anti-cancer 
treatment such as an thracyc lines, vinca alkaloids, epipodo- 
phyllotoxins, actinomycin D, taxol. topotecan and mithra- 
mycin, which leads to a reduced intracellular accumulation 
of these agents insufficient for adequate anti-tumor activity 
to occur (Pastan and Gottesman. 1987). A decrease in 
drug influx into multidrug-resistant tumor cells has also 
been observed (Sirotnak et a/.. 1986; Ramu et a/., 1989) 
and related to the function of P-GP (Shaiinsky era/., 1993). 

High concentrations of compounds that compete with 
anti-cancer drugs for the MDR transporter system, such 
as immunosuppressants or calcium channel blockers, can 
increase the intracellular retention of cytostatic agents and 
thereby enhance their tumoricidal potential (Gaveriaux 
et a/., 1989; Salmon et a/., 1991; Arceci et a/., 1992). 
Hence, preclinical experiments using these competitors 
have been undertaken to interfere with the enzymatic 
action of P-GP and to reverse MDR by chemosensiuzing 
the malignant cell population. Unfortunately, clinical 
studies using these compounds have been impeded by 
the significant toxicity and limited specificity f these 
'chemosensiiizers'. Therefore, there is a considerable 
need to find alternative ways of circumventing MDR-I- 
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mediated drug resistance. Here w v , ort on an approach 
which, rather than tackling P-GP. targets the mRNA from 
which it is translated by developing an RNA enzyme 
(ribozyme) directed against the MDR-l transcript which 
abrogates P-GP expression by tumor cells. Furthermore, 
we provide experimental evidence to suggest that the use 
of specific ribozymes may represent an effective and 
specific approach in order to restore cellular sensitivity 
towards major anti-cancer drugs. 

Results 

Hammerhead ribozymes require a 'GUC motif in order 
to cleave their cognate mRNA (Long and Uhlenbeck, 
1993). The MDR-l mRNA transcript contains several 
GUC stretches, one of which has previously been demon- 
strated to be cleavable by a hammerhead ribozyme in an 
extracellular system using a truncated, in vitro transcribed 
MDR-l mRNA as substrate (Kobayashi et al. % 1993). 
However, in vitro and in vivo, the secondary structure of 
the native, full-length MDR-l transcript may impede the 
hybridization of the ribozyme to the target mRNA. Based 
on the fact that the translation initiation site has previously 
been targeted successfully by an antisense oligonucleotide 
(Thiery et aL, 1993), and in line with the hypothesis that 
this site within the MDR-l transcript has to be accessible 
by the translation initiation machinery, we have chosen 
the GUC sequence at position -6 to -4 with respect to 
the translation initiation site as a potential target 
(Figure 1A). The corresponding ribozyme (MDR-l -RZiv) 
was prepared by in vitro transcription. Since this study 
aimed at elucidating the potential use of an MDR-l 
ribozyme in vivo, certain requirements regarding the . 
stability of the ribozyme had to be met. Therefore, a 
synthetic ribozyme, MDR-l-RZs, which is a chimeric 
DNA-RNA molecule and harbors additional chemical 
modifications (Figure IB), was chemically synthesized. 
These alterations ensure resistance to endogenous and 
exogenous nucleases (Hendry et aL, 1992:" Taira and 
Nishikawa. 1992; Heidenreich et aL 1993). 

The next set of experiments was designed to investigate 
the catalytic potential of both MDR-l -RZiv and MDR-l- 
RZs in an extracellular system. To this end, in vitro 
transcribed full-length MDR-l mRNA was incubated with 
MDR-l -RZiv or MDR-I-RZs for up to 12 h. In control 
experiments, MDR-l mRNA was also exposed to a 
mutated, in vitro transcribed ribozyme which has no 
catalytic activity (MDR-l-RZm). The capacity of MDR- 
I-RZ to cleave MDR-l mRNA was time-dependent. A 
cleavage product of the expected size (184 bp) was 
detectable within I h following exposure of the full-length 
MDR-l mRNA to MDR-l -RZiv (Figure 2 A). Lengthening 
the incubation period to up to 4 h led to cleavage of 
additional product, but incubation for >4 h did not 
improve the degree of cleavage (not shown). In contrast, 
the synthetic ribozyme showed little cleavage within the 
first hour of incubation. Formation of some cleavage 
products after 2 h and more after a 4 h incubation 
was observed (Figure 2 A). Moreover. MDR-l-RZs also 
cleaved a truncated MDR-l mRNA transcript of 447 bp 
in size into the expected 184 and 263 bp fragments 
(Figure 2B). MDR-l-RZs cleaved most f the" target 
mRNA within 4 h of exposure and prolonging the incuba- 
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Fig. 1. Design of an in vitro transcribed ribozyme and a chemically 
synthesized ribozyme against the MDR-l mRNA. (A) The MDR-l' 
mRNA stretch chosen as target sequence and the complementary 
ribozyme transcribed in vitro (MDR-l -RZiv). Positions relative to the 
transcription inititation site are indicated. The cleavage site is indicates 
by an arrow and the ATG translation inititation site is underlined. 
(B) The chemically synthesized ribozyme (MDR-l-RZs) carrying 
modifications indicated as follows. Underlined letters symbolize 
deoxynucleotides. which are stabilized by phosphothioate when printed 
in bold. Shadowed letters indicate 2' fluoro-modified cytidine or 
uridine ribonucleotides. Lower case letters mark single base-pair 
exchanges relative to the m vitro transcribed ribozyme depicted in 
panel A. 

tion period to 12 h failed to enhance significandy the 
degree of cleavage (Figure 2B). A mutated ribozyme 
containing a single base-pair mutation within the catalytic 
domain failed to cleave the MDR-l mRNA within a 6 b 
observation period (Figure 2B). The capacity of MDR-1- 
RZiv to cleave MDR-l mRNA was also dependent on the 
presence of MgCl 2 (not shown) as has been described 
before for hammerhead ribozymes (Haseloff and Gerlacb. 
1988; Heidenreich et aL 1993; Long and Uhlenbeck. 
1993). The K m and values for MDR-IRZiv and MDR- 
I -RZs were determined and are shown in Table I. 

These findings indicate that the GUC sequence chosen 
is accessible to ribozyme- mediated cleavage in an extra- 
cellular system. Cleavage was specific, because the 
resulting products were of the expected size, and a mutated 
ribozyme failed to cut the target mRNA. The chemical 
modifications introduced into MDR-l-RZs did not impaxr 
the specificity of the cleavage reaction but reduced its 
efficacy. Next we studied the in vitro cleavage potential 
f both MDR-l -RZiv and MDR-I-RZs. For these experi- 
ments a human pleural mesothelioma cell line. PXF1 1 18. 
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Fig. 2. MDR-l-RZiv and MDR-l-RZs cleave ihc MDR- 1 mRNA in an extracellular system. (A) Time -kinetics. Full-length in vitro transcribed 
MDR- 1 mRNA (50 pmol) was incubated with MDR-l-RZiv (left panel) or MDR-l-RZs (right panel) (5 pmol each) as detailed in Materials and 
methods. After the indicated time periods aliquots were collected and samples were separated on a polyacryl amide gel followed by autoradiography. 
A labeled RNA size marker was run as a standard (M) and the molecular size is indicated. (B) A truncated MDR- 1 transcript was incubated with 
MDR-l-RZs or with a mutated in vitro transcribed ribozyme (MDR-l-RZm) carrying a single base pair mutation in the catalytic domain, as detailed 
tn Materials and methods for up to 6 h. Thereafter, aliquots were collected and samples were separated on a polyacrylamide gel followed by 
autoradiography. 



Table I. K m and values of MDR-l-RZiv and MDR-l-RZs 

R ibozy me K m f u.M ) k C3l ( min " 1 ) WK m (jiM " 1 min " 1 ) 



MDR-l-RZiv 0.12 0.20 1.7 

MDR-l-RZs 3.8 1.4 0.36 



The synthetic ribozyme (MDR-l-RZs) or the in vitro transcribed 
ribozyme (MDR-l-lRZiv) was incubated with a 2- to 10-fold' excess 
of the 447 bp truncated MDR-I target mRNA as detailed in Materials 
and methods at 37°C K m and Jfc^ values were calculated as described 
in Materials and methods. 

and vindesine- or adriamycin-resistant sublines derived 
from it (PXF1II8VDS and PXFI118ADR, respectively), 
were instrumental (Licht et aL % 1991). The doubling 
time of PXF1 1 18, PXF1 1 18VDS and PXF1 1 18 ADR cells, 
grown logarithmically in standard culture medium in the 
absence (PXF1118) or presence of 0.03 \iz/m\ vindesine 
(PXF1 118VDS) or 0.03 pg/ml adriamycin (PXF11I8 
ADR), was determined in pilot experiments to be 25. 1 — 
0.9, 27.3 ± 1.1 and 28.2 :£ 1.0 h. respectively. More than 
3% of PXF11I8 cells do not express P-GP, while >90% 
of PXF1 1 18VDS and PXF1 1 18 ADR cells displayed P-GP 
as judged by immunocytochemistry and flow cytometry. 
Pilot experiments indicated that PXF1118VDS and 
PXF1 1 18ADR cells do not lose P-GP expression when 
cultured for 72 h in the absence of vindesine or adriamycin 
(not shown). 

First, the uptake of liposome-complexed and radi la- 
beled MDR-l-RZiv was quantified. As determined in pilot 
experiments (not shown here), PXF1I18 cells and their 
drug-resistant sublines began to incorporate liposome- 



complexed radioactive MDR-l-RZiv within 1 h of expo- 
sure. Approximately 5% of the radioactivity was taken up 
by the cells within 4 h. Maximum uptake of 8-9% of 
radioactivity was achieved within 12 h (not shown). 
Comparable time-kinetics were observed when intra- 
cellular uptake of liposome-complexed MDR-l-RZs or an 
antisense ( MDR-l-AS) oligodeoxynucleotide was 
analyzed (not shown). 

Quantification of ribozyme uptake at the single cell 
level revealed that 2*98% of cells incorporated radio- 
actively labeled MDR-l-RZiv (Table II). Maximum 
ribozyme uptake (arbitrarily set as 100%) was achieved 
in 5-7% of cells scored per experimental point and 
made up 860 fmol ribozyme. Appoximately 50% of cells 
incorporated 30-60% of the ribozyme i.e. 258-520 fmol 
ribozyme. Thereby up to 30% of cells incorporated 
<258 fmol ribozyme. Comparable results were obtained 
with MDR-l-RZs (not shown) and MDR-l-AS (Table II). 

Uptake of liposome-complexed MDR-l-RZs is associ- 
ated with intracellular cleavage of the MDR-I transcript as 
demonstrated by reverse transcriptase -polymerase chain 
reaction (RT-PCR). Amplification of reversely transcribed 
total cellular RNA isolated from PXF1118VDS cells 
maintained in the absence of vindesine led to synthesis of 
a 326 bp cyclophilin product, a 520 bp MDR-I product 
covering the cleavage site and a 118 bp MDR-I product 
corresponding to positions 291-408 5' of the cleavage site 
(Figure 3). When PXF1 II8VDS cells had been exposed to 
liposome-complexed MDR-l-RZs, amplification of the 
520 bp MDR-I product spanning the cleavage site f the 
MDR-I RNA was significantly reduced, while amplifica- 
tion of both the cyclophilin product and the 1 18 bp MDR-I 
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Table II. Uptake of I ipsome -completed ribozyme by PXFI I IS cells 



<t Positive cells Cell-type 

(total number) " "~ — " ' 

PXFI 1 13 PXFI1I8VOS PXFIIISADR 

RZW aI RZW AS RZiv AS 

98 = 2 95= 4 96 = 4 92 = 5 95 = 2 "96 = 4 



0 


2 = 1 


2 = 1 


1 = 1 


2 = 1 


2=1 


1 = 1 


1-10 


4 = 2 


•>*••% 


3 = 1 


4 = 1 


5 = 1. 


2 = 1 


11-20 


7 = 1 


5 = 2 


6 = 2 


5 = 3 


6 = 2 


4 = 2 


21-30 


9 = 2 


7 = 1 


11 = 3 


8 = 3 


8 = 2 


9 r 2 


31-40 


13 = 3 


10 = 4 


14 = 3 


10 = 2 


12 = 3 


9 = 4 


41-50 


17 = 3 


12 = 2 


18 = 2 


11=4 


17 = 3 


12 r 2 


51-60 


18 = 4 


13 = 4 


16 = 3 


15 = 3 


16 = 3 


17 = 4 


61-70 


12 = 3 


19 = 2 


13 = 3 


17 = 3 


14 = 2 


20 = 3 


71-80 


9 = 2 


15 = 3 


11=2 


17 = 2 


10 = 2 


14 ~ } 


81-90 


7 = 3 


10 = 2 


5 = 1 


8 = 3 


7 = 3 


8 = 3 


91-100 


2 = 1 


5 = 2 


2 = I 


3 = 2 


3 = 1 


4 = 2 



Cells were grown in SCM without (PXFI 1 18) or with 0.03 ug/ml vindesine <PXF1II8VDS) or adriamycin (PXFIM8ADR). in the presence or 
absence of equimolar amounts of liposome-complexed radiolabeled ribozyme (RZiv) or liposome-complexed radiolabeled antisense oligonucleotide 
(AS). Cells were collected after 12 h. plated on coverslips and autoradiographed. The percentage of positive cells was calculated by scoring 100 celt 
per experimental point. Signal intensity was determined by laser densitometry of each single cell. Values are expressed as relative signal intensity 
with maximum signal intensity being arbitrarily set as 100%. The number of cells displaying the given ranges of relative signal intensity is 
indicated = SD of two independent experiments. 



product was unaffected. Similar results were obtained with 
MDR- 1 -RZiv; however, the in vitro transcribed ribozyme 
appeared to be less effective in the cell culture than the 
chemically synthesized ribozyme in cutting the target 
mRNA (not shown). This may reflect its higher suscepti- 
bility to nucleases. When PXFI 1 18VDS cells had been 
exposed to the liposome-complexed mutated ribozyme 
(MDR-l-RZm), amplification of the 520 bp MDR- 1 
product spanning the cleavage site of the MDR- 1 RNA 
was unaffected. Taken together, these findings suggest 
that MDR-l-RZ can still cleave its target mRNA in vitro 
after liposome-mediated transfer into the cells. 

The next set of experiments aimed at investigating the 
effect of MDR-l-RZiv and MDR-l-RZs on P-GP protein 
expression. In PXFI 118 cells cultured in the presence of 
liposomes, liposome-complexed MDR-l-RZs or MDR-l- 
RZiv the expression of P-GP was unaffected as shown 
by flow cytometry (Table III). In contrast, exposure of 
PXF11I8VDS or PXFllIfcADR cells to liposome-com- 
plexed MDR- 1 -RZiv or MDR-I-RZs in the absence of 
vindesine or adriamycin, significantly reduced the number 
of cells expressing P-GP, while incubation with liposomes 
alone did not alter P-GP expression in these cells. Synthetic 
MDR-l-RZs again appeared to be more potent than in vitro 
transcribed MDR- 1 -RZiv at reducing P-GP expression 
in vitro. 

These studies were extended to a functional character- 
ization of P-GP by analyzing rhodamine efflux as 
previously described (Neyfakh et aL 1988). PXFI 1 1 8 cells 
accumulate rhodamine within the cell while PXFI I I8VDS 
cells rapidly exclude rhodamine within < I h (Figure 4). 
PXFI 118 cells cultured for 72 h in the presence of 
liposome-complexed MDR-l-RZs did not alter their 
capacity to retain rhodamine. In contrast, PXF1118VDS 
cells exposed t lipsome-complexed MDR-l-RZs for 
72 h displayed a significantly lower capacity to exclude 
rhodamine during the I h observation period. These 
findings suggest that the transfer of MDR-l-RZ rest res 



the capacity of MDR- /-expressing cells to accumulate 
compounds which are otherwise expelled. 

Finally, the capacity of MDR-l-RZ to restore th± 
chemosensitive phenotype was investigated. PXFI II? 
cells exposed to liposomes or liposome-complexed MDR- 
l-RZ do not significantly reduce their viability during l 
72 h culture period (Table IV) while exposure of PXFI f 1 E 
cells to vindesine killed almost all cells during that time 
(Table IV). PXFI 1 18VDS cells maintained in the presence 
of vindesine for the same time period were as viable a.- 
PXF1118VDS cells cultured in the absence of vindesine 
However, exposure of PXFI 1 18 YDS cells to vindesine 
in the presence of liposome-complexed MDR-l-RZs or 
liposome-complexed MDR- 1 -RZiv led to significant eel 
killing, leaving only 3.57c and 27.49c, respectively, of the 
starting cell population alive. Exposure of PXF1118VD5 
cells to liposomes alone in the presence of vindesine die 
not alter cell viability. 

Discussion 

Ribozymes are small RNA molecules which specificalh 
cleave their target mRNA in a catalytic fashion (Long and 
Uhlenbeck. 1993). Based on their structural characteristic* 
(Taira and Nishikawa. 1992), different types of ribozyme* 
can be distinguished, among which the hammerhead 
ribozymes have gained most attention because of their 
potential usefulness in medical applications. The mechan- 
ism by which hammerhead ribozymes act is well under- 
stood, and their comparatively small size facilitates their 
design for various approaches. For example, hammerhead 
ribozymes have been succesfully used in extracellular 
systems for cleaving HIV RNA, bcr-abl fusion RNA n: 
chronic myelogenous leukemia cells, c-fos and c-ras-1 
RNAs, and the MDR-/ RNA (Sarver et aL 1990; Scanloc 
etaL 1991: Kashani-Sabet et aL 1992: K bayashi et aL 
1993: Wright et aL 1993). H wever, translati n f this 
research tool from the extracellular system into the in vitrr 
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serves as an .menial siandaid for quantification of the reaction 
products. A molecular size marker was loaded ,M, forTize 
compamon, the molecular weight is sho.n ,n bp. Arrows indicate the 
SmSS V 2 ^ d ^Comparable resuhs were obtained £ 

AM / C K ,S i.?< 5,0 bp ' PCR proJutt confirmed to £ 

A«>*./-spec.fic by h>bndizaiion with an MDR- /-specific 
ologonucleotide probe I noi shown j. ^ 



or even in vivo scenario has been hindered by technical 
obstades Unlike amisense oligodeoxynucleoudes, which 
have a so been used to eliminate the expression of specific 
genes (Baserga and Denhardt. 1992). ribozvmes are RNA 
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Fig. 4. Liposome-complexed MDR-I-RZ enhances rhodamine 
retention by PXFI II8VDS and PXFI I I8AOR ceils. PXFI 1 18. 
POT I I8VDS and PXFI 1 18 ADR cells were first grown for 72 h in 
,nVl W,lhOUl (PXFI 1 18) or wilh 0 03 Mg/ml vindesinc 
(PXFI1I8VDS) or adriarnycin (PXFI 1 18ADR) present for the last 12 
n-Thereafter cells were resuspended in fresh SCM and cultured in the 
absence ('medium') or presence of liposome-complcxed MDR-I-RZ 
for an additional 48 h. Thcraftcr. rhodamine was added to the cultures 
after several washings in PBS. Intracellular rhodamine accumulation 
was analyzed by flow cytometry at the time points indicated. Values 
are expressed as mean relative fluorescence units (RFU) of three 
independent experiments (means of individual experiments ♦ SO) 
Key: Q medium only; O. liposomes + MDR-l-RZm; O. liposomes 
+ MDR-l-RZiv: A. liposomes + MDR-l-RZs. 



4649 



M.Kiehntopf et at. 



Table HI. Liposomc<omplcxed MDR-I-R*. -reduces P-GP expression by PXFl IIS VDS and PXFl 1 ISAD'R cells 
Cell type Exposure co 





Medium 






LipoMimevMDR-l-RZiv 




Lipt>Mime\/MDR-l-RZ» 




LiptxtomexAIDR-l* AS 






MFI 






















<3.3 


3.3-6.9 


7-10 




<3.3 3.3-6.9 7-10 




<\U .V3-6.9 T-IO 




<V3 '3-6.** 




PXFIIIS 
PXF1I18VDS 
PXFl I18ADR 


95.1 r 
6.2 = 
2.7 z 


1 2.1 r 0.4 
2.8 5.1 r 1.4 
1.4 6.1 i 2.0 


1.0 = 
88J = 
91.3 = 


0.1 
3.4 
3.9 


97.4 =|.9 1.2 = 0.5 0.9 = 
41.2 = 2.7 26.7 = 2.1 31.8 = 

39.5 = 1.4 24.7 = 1.2 36.6 = 


0.3 
1.9 
> 


96.5 z 2.3 2.0 z 1.2 0.7 = 
94.8 z 4.3 2.5 ~ 0.9 1.9 = 
93.4 z 2.3 3.7 = 1.5 2.2 Z 


0.3 
0.4 
1 i 


W>.9 r .(.0 |.7 = 0.? 
32.7 - 2.7 10.8 = ).6 
29.5 i 2.1 12.4 = 2 J 


0.5 r .... 

58.0 z :.• 

60.1 = 



Cells were grown in SCM in the absence ('Medium*) or presence of liposome-cornplexed MDR-l-RZiv. MDR-l-RZs or liposome-cornplexed MDR-I-AS for 72 h. 
■nierearter. cells were labeled with the 4E3 monoclonal antibody and analyzed by flow cytometry as detailed in Materials and methods. The. mean fluorescence inteorin 
(4E3 ) was analyzed and the percentage of cells expressing various ranges of mean fluorescence intensity (MFI) <<3.3. 3.3-6.9 and 7-10) is indicated. Values are 
expressed as the means z SO of three independent experiments. Analyses with the JSB-I monoclonal amibodv bv immunoevtochemistrv aavc comparable results tnot 
shown). 



Table IV. Liposome-cornplexed MDR-I-R2 restores c hemosensitivity by PXFl I I8VDS and PXFl I I8ADR cells 
Cell-typc/ireatmeni with: % viable cells after exposure to 



Medium 



Liposomes/ 
MDR-l-RZm 



Liposomes/ 
MDR-l-RZiv 



Liposomes/ 
MDR-I-RZs 



Liposomes/ 



PXFl 118 

+ VDS 

* ADR 
PXFII18VDS 


89.1 £ 2.1 
1.3 zz 0.4 
1.8 £ 0.3 


87.7 zz 1.9 
1.9 £ 0.7 
2.3 £ 0.7 


91.2 £ 3.3 
2.1 £ l.I 
1.9 £ 0.9 


88.3 £ 3.9 
1.7 £ 0.8 
2.7 £ 1.3 


36.2 £ 4.1 

2.4 £ 1.2 

1.5 £ 0.8 


-VDS 
-•-VDS 
PXFl 1 18ADR 


95.2 £ 3.7 
87.5 £ 5.1 


91.3 £ 2.9 
36.8 = 3.9 


38.6 £ 4.2 
27.4 £ 4.7 


92.3 zz 4.7 
3.8 £ 0.7 


88.1 £ 3.9 

47.2 £ 2.9 


-ADR 
+ADR 


91.7 £ 2.9 

86.8 £ 3.1 


93.2 £ 3.3 
93.8 £ 4.9 


90.1 £ 5.1 
33.3 £ 3.7 


91.4 £ 4.1 
5.6 £ 0.4 


89.3 £ 4.1 
53.3 £ 3.4 



-w^..^ i mniun. i or presence or liposome-cornplexed MDR-l-RZ. or liposome-cornplexed MDR-I-AS for 72 h. Therafter. cells were stainet 
propidturn iodide and cell vtability was determined by flow cytometry as described in Materials and methods. The percentage of viable cells is 
shown. Values are expressed as means £ SD of three independent experiments 



stained with 



molecules and as such are highly susceptible to nuclease 
digestion. Although ribozymes can be transcribed in vitro 
upon genetic transfer of suitable vectors harboring a DNA 
template of the ribozyme (Cameron and Jennings, 1989; 
Saxena and Ackermann, 1990). this technique does not 
allow efficient and specific gene targeting and high level 
gene expression to be accomplished, fn addition, the 
intracellular^ transcribed ribozyme needs to be of a 
defined length to hybridize specifically to its target mRNA. 
This can be ensured in vitro only by incorporating self- 
catalytic ribozymes at the 5' and 3' ends of the ribozyme 
of interest (Taira and Nishikawa, 1992). Ribozyme techno- 
logy has therefore been applied in only very limited ways 
in in vitro and in vivo systems. However, the interest in 
using ribozymes as specific and efficient tools to eliminate 
gene expression has invited basic research to stabilize 
riboyzmes through chemical modifications without com- 
promising their catalytic potential (Hendry et aL 1992: 
Taira and Nishikawa, 1992; Heidenreich et aL 1993). In 
vitro transcribed or chemically synthesized ribozymes 
have previously been used to target the bcr-abl fusion 
transcript in chronic myelogenous leukemia cells (Snyder 
et aL 1993; Lange et aL 1994) or the tumor necrosis 
factor a gene in myelogenous leukemia celts by liposome- 
cornplexed transfer (Sioud et aL 1992). Here we report 
on the development of an AftW?- /-specific ribozyme, 
designated MDR-l-RZ, which specifically cleaves the 
MDR-1 transcript in an extracellular system. Catalytic 



efficacy of the in vitro transcribed or chemically synthe- 
sized MDR-1 ribozyme has been determined and showr 
to correspond to the activity of various ribozymes usee 
in previous studies (L'Huiliier et aL 1992; Long and 
Uhlenbeck. 1993). In line with other investigators 
(Shimayama et aL. 1993) we also show that the synthetic 
MDR-I ribozyme displays higher K m and k C21 values than 
the in vitro transcribed ribozyme. MDR-1 -RZ can also be 
effectively placed on tumor cell targets where it cleave* 
the cognate MDR-1 RNA and thereby relieves P-GP 
expression and function when complexed in liposomes. 
Upon delivery to MDR~ /-expressing and thus chemo- 
resistant tumor cells, MDR-l-RZ reconstitutes a chemo- 
sensitive phenotype leading to efficient killing of 
previously resistant cells upon exposure to anti-cancer 
drugs, while not reducing viability of MDR-J-noo- 
expressing or MDR- /-expressing cells in the absence 
of drug. 

Moreover, we show that in cellular systems, chemicalh 
modified ribozymes are preferable to unmodified RNA 
molecules, most. likely because of their increased stability, 
though the modifications made may reduce their catalytic 
activity in extracellular systems. 

We also demonstrate that the catalytic cleavage of the 
MDR-1 target mRNA by a ribozyme is far more effective 
in restoring a chemosensitive phenotype of rumor cells than 
an antisense oligode xyribonucleotide directed against the 
same regi n. The transient delivery of synthetic MDR-1- 
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reverSd^ ef ° re ° P ^ broach for 

revers.ng drug rcs.stance during anti-canccr chemotherapy. 

Materials and methods 

Cells and cell culture 

SSS 1 !^ r cs,ablished from a p,eur -- °< 

medium ?IMDM c,t„^ ^T" 5 m ° d " ied °"»weo^ essential 
s.reptomyZ and . mZU ^ CibC °'- ,0 ° penicillin ' 

Defect/on 0/ f/,e /VfO/M fle ne proper 

«^"2a£ "ESSE r *■ t d r« c,ed by ** ""»»»»*- 

■ssfc & EE™ =swa 

Signet. Dedham. MA, (ichepe re, c ^ I T ^ ° f ^ 

extraction and RT-PCR 

^ A cerw7™TL"i„ P T iOU ^ d ~ ribed(BraCh " fli - Briefly. 
Germany) a„H g T d,niu,n "othiocyana.e (Sigma. Munchen. 

phase waTrrcoveL after ~ ,"f freqUem VOrTexins >- ^ W« 
equal vo.umTof pfcno -ch. n f """w ^ ""^ ° nce wilh a " 
resulting I^^SS"" and t ,wi « wilh chloroform. The 
o.ethanol. Prec.p.ta.ed ovem.gh. a. -20X with 2.5 vols 

R\A w??/" P ' rfonT " :d essentially as described fGruss « a / 199"., 
cDNA was ;™ h "'h DNaie for 30 ™" =» 3~" C and . 

incuba.ed"n a o 71c, ' 0M0 7- Rve ""^'"^ ° f ,0 ' a ' R * A ^ 

BSA) usin. >00 U vtnk^v m T M?CI: - 10 (1S/ml ""''ease-tree 
I USB. Cleveland OH in .h T V ™ reWrSe 

10 nmol of each dl N-^ Bo^T*^ V° V RNasin ,USB > *»" 
and 100 pm " of ™Lm^ ' ' V l annhe " n - Mannheim. Germany, 

heatins I0 95'C for 10 mi „ ,nn • C " 0 " m " ,urc was "enured by 
mixture was ^InTtf^g? °" ^ 

amplification primers ( P 5 L J. « .f ^ coma,nin S 5' and J' 
polymerase (Perki El™ r? 1 Ch> and 1 U Am P"Taq rTaq DNA 
»U^MMl Jt " erCctus - Emeryville. CA). Primers used were 
AAG 3* P«7 P nmers j. sense < p *>: 5 '-TCGAGTAGCGGCTCTTCC- 
an^se^'ccS 

ACTGCCAAGACTG v 1^ ^ ATC " 3 • mitene: 5 '-CATCTGC 
heating to 94'C for io '. ^„ »f denaturation bv 

-ing a programmabi; he« bfocT MWC ffi^T"* - " ' im " 
" m.n. One-fifU, of each rtact.on mixture uas run on I* agarose gels. 



tvme cleavage of MDR-1 transcripts 



Design and preparation ofMOR-1 ribozvmes 

MDR-I-RZ is s'bAUCCrjrr^^ l993 »- «q«ence of 
AAACCUCCCCC^ wh^ ^"^^GyCCGUCACCACC- 

.^-/.ranscnp?™ or^ld ^R^ R r UenCe K C ° mplemen,:Uy '° «•* 
Pi in oow. MDR-I-RZ was either prepared by in viim 



ol m v im irjnwribfH vinR I D7;„ u r ' »nc amount 

metrical., JTT^St^^'SSE, 
^andard procedures. For selected expenmenu an MDR , if"""'"*' 0 
transcribed from a template comainmg Ts" e(e b^t r*^,^ 

i„ 2 , IDR -'-? Zs harbors several chemical modifications as shlwn 

"n! ^ P h ~ ph0ro,hi0ate - ** urL&ucS 

were replaced by the respective i'-fluoro-rriodified ribonucleot des 
•Heidenreich « 1993,. In order to enhance the stabil?tv of MDR- 1- 
RZs further, several ribonucleotides (Figure II were excfcin** I 

T^rTnJ^" ^ 4 " S,ab,l " y 01 lhe ribwyne (Hendrv « a/ 199-.. 
Ta.ra and Nishikawa. 1992: Heidenreich e, «,/.. 1993,. ' 

Oes/ ff n and preparation of MDR-1 antisense 
oligodeoxynudeotides 

MDrTa^ ^eoxynucleotide •GTCGGGATGG ATCTT-3 ' 
MUR-l-AS covering the translation imitation site of .he MDR-l rnRNA 

oti/ 0 Tr Sl - V , deSC . ribed ( ™ ery - ,993) svnthesized o„ a^A 
o.ig^eoxynucleot.desyn.hesizerrPharmacia^ndsu.bilizedbyphosph^ 



'cl^lTsla?* 0 " °' tar9et mMA a " d ^acellular 

■o 0 c^ve IO ,he al i V /n* h / e ° f b ° ,h MDR -' R Z» and MDR-l-RZs 

LfnZ * n transcnpt. extracellular cleavage assays were 

^ Lon/^H''? K PrcVi ° US,y rc P° ned (H «eloff and Ger^h 
.988. Long and Lhlenbeck. 1 993,. To this end. target rnRNA was 
prepared by ,„ Wrro transcription. The plasmid pNIDR^fMOXS tkZZ 
provded by Dr M-Cotwrnio. NCI. MH Bel S Tvm, ^ 

rtcornZnlH u "L ™"° ^"P'lon of blMenph WDI?-/ mRNA as 
recommended by ,he manufacturer (Boehrinser Mannheim, usine tte 
T7 promoter in the presence of ("PIUTP (^ ' • 8 e 

.-script tnmcated 44% bp from the S^IS^ES&J 

b^ SontZ btetiS e, ~' roph0re f. is of ,he products followed 

t4«rib^fl mR vI 8 an< ' a " ,0 7 ,d '°S' a P''y- The amount of m w W 
transcnbed rnRNA was quantified spectrophotometricallv. and the molar 
concen.rat.on » as calculated according to standard proc'edures /n v^" 

toiiows. j-io pmol of radiolabeled target mRNA were incubated with 
» mm transcnbed MDR-|.RZiv or synthetic MDR-l-RZs (UO molar 
ratio, for vanous time periods, as indicated, in an incubi on b^ffeJ 

^«;f4°» n, - M - M, °a 50 mM Tris ~ Hd <p»™™*™mZ 

L,lv! f C " Rea f " on Products were analyzed either on a 5* denaturine 
polyacrylamide fel or on a0.8* agarose gel followed bv autoradiogtphy 
ird« , H eXpcnme " ,S - MS °- was added at various concentratiK 
«rf„™ ? T^S and values - «*» e'e'vaee assays were 
perforrned u,,h both the in vi.ro uanscribed eMDR-l-RZIv) ^LTte 
.hemicaly >ynthes. l ed ribozyme (MDR-l-RZs, usine a to lo!foW 

above Stcady-state rates ofcleavage were measured for each ofmTrwo 
nbozvmcs and t and K m vaI ues were determined from 
Lmcweaver-Buri plots as previously described (CHuillier « «/.. 1992? 

Uposome-mediated transfer of MDR-1 ribozyme and 
antisense oligodeoxynudeotides 

Transfer of either MDR-l-RZiv or MDR-l-RZs. and of antisense 
ol.godeoxynucleot.dcs into target cells was accomplished by the liposornl 
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technique (Dwarki et aL 1993) as follow*. X-l-RZiv; MDR-l-RZm. 
MDR-i-RZs or MDR-I-AS were complcxcd with cationic liposomes 
iDotap. Boehringcr Mannheim* as recommended by the manufacturer. 
Cells were plated into 24-well plates (10* cells/ml) in SCM in the 
presence or absence of vindesinc (0.03 ng/ml) or adriamycin (0.03 u.g/ 
ml) and liposomes (45 jig/ml) with or without either MDR-l-RZiv 
MDR-l-RZm. MDR-l-RZs or MDR-I-AS, added evcrv 12 h over a 
total period of 72 h. 

Ribozyme and antisense oligodeoxynueleotide uptake 
studies 

In order to quantify the amount of ribozyme and antisense oligodeoxy- 
nucleotides (MDR-l-AS) being taken up by the cells upon liposomal 
transfer, radiolabeled MDR- 1 -RZiv or radiolabeled antisense oligodcoxy- 
nucleotide was complexcd with cationic liposomes as detailed above 
and added to the cell culture. Twelve hours after exposure to MDR-l- 
RZs, MDR-l-RZiv or MDR-I-AS. cells were washed several times, 
plated on coverslips and autoradiographed. The percentage of cells 
containing the radiolabeled ribozyme was determined by scoring 100 
cells. The signal intensity within single cells was quantified by laser 
densitometry using an LKB Ultra Scan XL laser densitometer and LKB 
Gel Scan XL software (LKB. Pharmacia, Uppsala, Sweden). 

Rhodamine analysis 

In order to analyze the function of P-GP, efflux of rhodamine was 
assessed by flow cytometry (Neyfakh et aL. 1988). To this end. cells 
cultured in the presence or . absence of vindesine (0.03 jig/ml) or 
adriamycin (0.03 u.g/ml) with or without MDR- 1 -RZiv, MDR-l-RZm 
or MDR-l-RZs, were exposed to rhodamine (10 u.g/ml) for 20 min at 
37°C. Cells were washed several times in PBS followed by flow 
cytometric analysis. 

Determination of ceil viability 

In order to determine cell viability, ceils were incubated with propidium 
iodide (10 ng/ml) for 15 min at room temperature, washed several times 
in PBS and assessed by flow cytometry. 
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A systematic study of selectively modified, 36-mer 
hammerhead ribozymes has resulted in the identifica- 
tion of a generic, catalytically active and nuclease stable 
ribozyme motif containing 5 ribose residues, 29-30 2'- 
O-Me nucleotides, 1-2 other 2 '-modified nucleotides at 
positions U4 and U7, and a 3'-3'-linked nucleotide "cap." 
Eight 2 '-modified uridine residues were introduced at 
positions U4 and/or U7. From the resulting set of ri- 
bozymes, several have almost wild- type catalytic activ- 
ity and significantly improved stability. Specifically, ri- 
bozymes containing 2'-NH 2 substitutions at U4 and U7, 
or 2'-C-allyl substitutions at U4, retain most of their 
catalytic activity when compared to the all-RNA parent. 
Their serum half-lives were 5-8 h in a variety of biolog- 
ical fluids, including human serum, while the all-RNA 
parent ribozyme exhibits a stability half-life of only -0.1 
min. The addition of a 3 '-3' -linked nucleotide "cap" (in- 
verted T) did not affect catalysis but increased the se- 
rum half-lives of these two ribozymes to >260 h at nano- 
molar concentrations. This represents ' an overall 
increase in stability/activity of 53,000-80,000-fold com- 
pared to the all-RNA parent ribozyme. 



Trans-acting ribozymes exert their activity in a highly spe- 
cific manner and are therefore not expected to be detrimental 
to non- targeted cell functions. Because of this specificity, the 
concept of exploiting ribozymes for cleaving a specific target 
mRNA transcript is now emerging as a therapeutic strategy in 
human disease and agriculture (Cech, 1992; Bratty et at.. 
1993). For ribozymes to function as therapeutic agents, they 
may be introduced exogenously or produced endogenously in 
the target cells. In the former case, the chemically modified 
ribozyme must maintain its catalytic activity while also being 
stable to nucleases. A major advantage of chemically synthe- 
sized ribozymes is that site-specific modifications may be in- 
troduced at any position in the molecule. This approach pro- 
vides flexibility in designing ribozymes that are catalytically 
active and stable to nucleases. In this manuscript we show that 
using this site-specific, chemical modification strategy, ri- " 
bozymes can be designed that have wild- type catalytic activity 
and are not cleaved by nucleases. 

A variety of selective and uniform structural modifications 



have been applied to oligonucleotides to enhance nuclease re- 
sistance (Uhlmann and Peyman, 1990; Beaucage and Iyer, 
1993; Milligan et al. f 1993). Improvements in the chemical 
synthesis of RNA (Scaringe et at., 1990; Wincott et al. f 1995) 
have led to the ability to similarly modify ribozymes containing 
the hammerhead ribozyme core motif (Usman and Cedergren, 
1992; Yang et at., 1992) (Fig. 1). Yang et at. (1992) demon- 
strated that 2'-0-Me modification of a ribozyme at all positions 
except G5, G8. A9, A15.1, and G15.2 (see numbering scheme in 
Fig. 1) led to a catalytically active molecule having a greatly 
decreased k cal value in vitro, but a 1000-fold increase in nucle- 
ase resistance over that of an all-RNA ribozyme when tested in 
a yeast extract. In another study (Paolella et a/., 1992), a 
persubstituted 2 '-O-allyl-containing ribozyme with ribose res- 
idues at positions U4, G5, A6, G8, G12, and A15.1 showed a 
5-fold decrease in catalytic activity compared to the all-RNA 
ribozyme (based on k^JK^, while the stability of this ribozyme 
in bovine serum was increased substantially (30% intact ma- 
terial after 2 h compared to a < 1-min half-life for the all-RNA 
ribozyme). Shimayama et at. (1993) found it necessary to intro- 
duce 2 additional phosphorothioate linkages at positions C3, 
U4 and to replace U7 by A or G in a phosphorothioate-DNA/ 
RNA chimera containing 21 phosphorothioate lP=S) 1 substitu- 
tions 113 P=S DNAs in Stem/Loop II plus 5 and 3 P=S DNAs 
in Stems I and III, respectively). These ribozymes showed a 
100-fold increase in stability relative to the all-RNA ribozyme. 
but the catalytic activities of these chimeras were reduced 
15-fold (U7 — A7) and 42-fold <U7 — G7) compared to the 
wild-type ribozyme. Substitution of all pyrimidine nucleotides 
in a hammerhead ribozyme by their 2 '-amino or 2'-fluoro ana- 
logs resulted in a 25-50-fold decrease in activity and a 1200- 
fold increase in stability in rabbit serum compared to the un- 
modified ribozyme (Pieken et a/., 1991). 

The above data suggest that a strategy of uniform modifica- 
tion cannot be directly applied to ribozymes, since it is neces- 
sary to preserve a reasonable level of catalytic activity and 
therefore to leave some residues, especially in the catalytic 
core, unmodified. We have constructed a generic, catalytically 
active, nuclease stable hammerhead ribozyme motif that con- 
tains only 5 ribose residues; the remaining residues consist of 
2'-0-Me nucleotides with one or two other 2'-modified sugars 
at positions U4 and/or U7 (Figs. 1 and 2). Two of these ri- 
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1 The abbreviations used are: P=S, phosphorothioate; 2'-F, 2'-deoxy- 
2'-fluorouridine: 2'-NH2, 2'-deoxy-2'-aminouridine; iT, 3'-3'-linked thy- 
midine; Rz, ribozyme; l A , time required to cleave 50% of a short matched 
substrate; t s , time required to degrade 50% of the full-length ribozyme; 
A e , t s , m a ximum ribozyme cleavage rate under single turnover (enzyme 
excess) conditions: K^ 3 , Michaelis constant under single turnover (en- 
zyme excess) conditions. 
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FlG. 1. Sequences of ribozyme and substrate used in this 
study. Conserved nucleotides within the central core are numbered 
according to Hertel et at. (1993). Lowercase letters represent sites that 
were substituted with 2'-0-methyl nucleotides in the final, nuclease 
resistant motif. Underlined letters at U4 and U7 indicate positions that 
were replaced by the eight 2 '-substituted nucleotides shown in Fig. 2 
(compounds 1-8). Uppercase letters represent ribonucleotides; five po- 
sitions (G5. A6, G8, G12, and A 15.1) within the nuclease-resistant 
ribozyme were kept as ribonucleotides to maintain catalytic activity. X 
represents the 3'-3Minked (inverted) T residue (Fig. 2, compound 9) 
that was added to the 3 '-end of Rzs 29 and 30. Arrow indicates the site 
of substrate cleavage. 

bozymes (containing 2'-NH 2 modifications at U4 and U7 or 
2'-C-allyl modifications at U4) have almost wild-type catalytic 
activity and a 5-8 h half-life in human serum at nanomolar 
concentrations. The addition of a 3'-3'-linked thymidine nucle- 
otide to these ribozymes maintains their catalytic activity and 
increases their half-lives in serum to >260 h. 

EXPERIMENTAL PROCEDURES 

Synthesis of Ribozymes — Automated RNA synthesis and deprotec- 
tion was carried out on an Applied Biosystems model 394 DNA/RNA 
synthesizer using the method of Scaringe et al. (1990), modified accord- 
ing to Wincott et al. ( 1995). Syntheses were carried out at 2.5 /imol on 
a derivatized aminomethyl polystyrene solid support (Applied Biosys- 
tems). A 5-min coupling step was used for 2'-0-silyl protected RNA 
(Pharmacia Biotech Inc.) and modified phosphoramidites (Fig. 2). 2 A 
2.5-min coupling step was used for 2'-0-Me RNA (Milligen/Biosearch).' 
Average coupling yields, determined by colon metric quantitation of 
trityl fractions, were 97.5-99%. Phosphorothioate linkages at the 3'- 
and 5'-ends of Rz 5 were introduced by a sulfurization step 3 -with 
Beaucages reagent (Iyer et al.. 1990). Ribozymes were gel-purified, 
e luted, ethanol-precipitated. rinsed twice with 70% ethanol. dried, and 
resuspended in TE buffer. 

Nucleoside Composition — The nucleoside compositions of the 
ribozymes were confirmed by nuclease digestion of "the ribozyme and 
analysis by reverse phase high performance liquid chromatography. 
The ribozymes were converted to nucleosides by incubation of 0.3 A 260 
units of ribozyme with 10 units of PI nuclease (EC 3.1.30.1; Boehringer 
Mannheim) and 2 units of calf intestinal alkaline phosphatase lEC 
3.1.3.1; Boehringer Mannheim) in 30 mM NaOAc 1 mM ZnS0 4 , at pH 
5.2 (total volume = 100 p\) overnight at 50 a C. The digested material 
was injected directly onto a C18 column (Rainin, Dynamax, ODS 4 x 
250 mm), and nucleosides were separated by an acetonitrile gradient 
buffered with 50 mM potassium phosphate, pH 7.0. The retention times 
were compared with monomer standards. 

Radiolabeling of Ribozymes and Substrates — Ribozymes and sub- 
strates were 5'-end-!abeled using T4 polynucleotide kinase and 
[y-^PlATP. For internal labeling, ribozymes were synthesized in two 
halves with the junction 5' to the GAAA sequence in Loop II (Fig. 1). 
The 3'-half-ribozyme portion was 5 '-end-labeled using T4 polynucle- 
otide kinase and [y- 32 PlATP. and was then ligated to the 5'-half-ri- 
bozyme portion using T4 RNA ligase. Labeled ribozymes were isolated 
from half- ribozymes and unincorporated label by gel electrophoresis. 

Ribozyme Activity Assay — Ribozymes and 5'- M P-end-labeIed sub- 
strate were heated separately in reaction buffer (50 rim Tris-CI, pH 7.5, 
10 rim MgCl 2 ) to 95 °C for 2 min, quenched on ice. and equilibrated to 
the final reaction temperature (37 X °C or as indicated) prior to starting 
the reactions. Reactions were carried out in enzyme excess, and were 



2 Beigelman, L., Karpeisky, A., Matulic-Adainic. J. ( Haeberli. P., 
Sweedler. D., and Usman, N. (1995) Nucleic Acids Res. 23, in press. 

:| A. D. DiRenzo, K. Levy, P. Haeberli, S. Grimm, C. Shaffer, N. 
Usman. and F. Wincott, manuscript in preparation. 
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FlG. 2. Structures of the 2'-modified nucleosides used in this 
study. 1, 2'-0-Me-U; 2, 2'-amino-U; 3, 2'-C-allyl-U; 4, 2'-arabinofluoro- 
U; 5, 2'-fluoro-U; 6, 2'-deqxy-U; 7, 2'-methylene-U; 8, 2'-difluorometh- 
ylene-U; 9, 3'-3' inverted T. 

started by mixing — 1 nM substrate with the indicated amounts of 
ribozyme (5-200 nM t 40 nM for the initial screens) to a final volume of 50 
pi. Aliquots of 5 pi were removed at 1, 5, 15, 30, 60, and 120 min, 
quenched in formamide loading buffer, and loaded onto 15% polyacryl- 
amide, 8 M urea gels. The fraction of substrate and product present at 
each time point was determined by quantitation of scanned images from 
a Molecular Dynamics Phosphorlmager. Ribozyme cleavage rates were 
calculated from plots of the fraction of substrate remaining versus time 
using a double exponential curve fit (Kaieidagraph, Synergy Software). 
The fast portion of the curve was generally 60-90% of the total reaction, 
so that observed cleavage rates (k ob ,) and activity half-times <* A - 
ln<2)/Jfe ob .j were taken from fits of the first exponential. Detailed kinetic 
analyses of Rzs 1 . 2, 25, and 26 were performed in the same way except 
that reactions were carried out at 25 °C and pH 6.5 to slow down 
the reactions and to enable more accurate determination of kinetic 
parameters. Plots of k^, versus ribozyme concentration were fit to the 
Michaelis-Menten equation using a non-linear, least squares routine 
(Kaieidagraph, Synergy Software* to determine values for k M s and 
K M S . Values for the. combined parameter, lc c . t s /K M s , were confirmed by 
performing cleavage reactions at low ribozyme concentration (5-20 nM), 
then determining k cat s /K M s from the initial slope of the k^ versus 
ribozyme concentration plot. 

Ribozyme Stability Assay—Five hundred pmol of gel-purified 5 '-end- 
labeled or internally labeled ribozymes were ethanol-precipitated and 
then resuspended in 20 pi of appropriate fluid (human serum, human 
plasma, human synovial fluid, or fetal calf serum) by vortexing for 20 s 
at room temperature. Samples were placed at 37 °C, and 2 pi aliquots 
were withdrawn after the times indicated in the figures (30 s to 72 h). 
Aliquots were quenched by the addition of 20 pi of 95% formamide, 0.5 
x TBE (50 mM Tris, 50 mM borate; 1 mM EDTA) and were frozen prior 
to gel loading. Ribozymes were size-fractionated by electrophoresis in 
20% acrylamide, 8 M urea gels. . Gels were imaged on a Molecular 
Dynamics Phosphorlmager, and the stability half-life lt B ) for each ri- 
bozyme was calculated from exponential fits of plots of the percentage 
of intact ribozyme versus the time of incubation. 

RESULTS AND DISCUSSION 
Modification and Testing Strategy— We focused our efforts 
on substitutions of the 2' -hydroxy 1 group since these modifica- 
tions were considered least likely to perturb the overall struc- 
ture of the hammerhead ribozyme and were more easily intro- 
duced than backbone modifications. Ribozymes were 
chemically synthesized and gel-purified, and the nucleotide 
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Table I 

Cleavage Activity and Nuclease Resistance of Ribozvmes 1-6 



Rz 




Modification 11 


Activity 


Stability 


Relative stability/activity 








min 


min 




1 


All RNA: 


UCUCCAU CUGAUGAGGCCGAAAGGCCGAA AAUCCCU 


1 


0.1 


1 


2 


2'-0-Me arms: 


ucuccAU CUGAUGAGGCCGAAAGGCCGAA AAucccU 


1 


0.1 


1 


3 


5+5 P=S arms: 


acuccaU. CUGAUGAGGCCGAAAGGCCGAA Aaucccu 


3 


0.1 


0.3 


4 


2'-C-Allyl: 


UCUCCAU CUGAUGAGGCCGAAAGGCCGAA AAuccct 


13 


120 


92 


5 


2'-Fluoro-Pyr: 


ucuccAu cuGAuGAGGccGAAAGGccGAA AAuccct 


30 


15 


5 



a Uppercase sequences are ribonucleotides. Lowercase, underlined sequences contain the indicated modifications at the sugar or (in the case of 
Rz 3) at the five phosphodiester linkages between the underlined sequences. In Rza 4 and 6 the "t" at the 3*-end denotes deoxythymidine. 
* Ribozyme activity expressed as cleavage half-time against the substrate shown in Fig. 1. 

c Ribozyme stability expressed as half-life of ribozyme in human serum. Times <1 min are estimated and may be shorter. 



content was verified by nucleoside composition analysis. The 
ribozymes were then assayed for in vitro cleavage activity, and 
for nuclease resistance in a range of biological fluids. Activity 
measurements were made in enzyme excess at concentrations 
(40 nM ribozyme, — 1 nM substrate) that approach saturating 
conditions for the all-RNA control ribozyme. Ribozyme activity 
is reported in Tables I and II as the activity half-time U A ) at 40 
nM ribozyme; a larger number represents a slower cleavage 
rate and is less desirable. The stability of ribozymes to nuclease 
digestion was assessed in fetal calf serum, human serum, hu- 
man plasma, and human synovial fluid using 5'- 3:2 P-end-la- 
beled ribozymes. Ribozyme stability is reported in Tables I and 
II as the stability half-life in human serum U s ); a larger num- 
ber represents a slower degradation rate. To compare one ri- 
bozyme's activity and stability to another, we have defined a 
parameter, (S, which is the ratio of the stability and activity 
half-times compared to a reference, Rz 1 (Table I). Thus, in 
Tables I and II, 



0(Rz n i 



/s/f A (Rz n > 
: ts/t A (Kz 1) 



(Eq. 1) 



Larger /3 values represent an improvement in ribozyme activity 
and/or stability relative to Rz 1. 

5'- and 3' -Modified Ribozymes Are Catalytically Active but 
Not Stable in Biological Fluids—To establish a base line for 
ribozyme catalytic activity and stability in biological fluids, 
ribozymes were synthesized containing RNA only (Rz 1, Table 
I), or RNA at all positions except in the substrate-binding arms 
(Stem I, positions 2.2-2.6, and Stem III, positions 15.3-15.7. 
Fig. 1). Table I shows that 2'-0-Me sugar, or phosphorothioate 
backbone modifications in the substrate-binding arms (Rz 2 
and 3, respectively) had minimal effects on catalytic activity. 
However, ribozyme stability in human serum also remained 
unchanged with these modifications, and all three ribozymes 
were rapidly degraded (Fig. 3). No full-length ribozymes were 
present after 30 s in any of the biological fluids tested: however, 
stable fragments were observed in ribozymes containing 2'- 
O-Me modifications (Fig. 3). Modification of the Stem I and III 
backbones with phosphorothioate substitutions did not in- 
crease the nuclease resistance of the ribozymes or result in the 
generation of stable ribozyme fragments (Fig. 3). 

The profile of stable fragments generated with the 2'-0-Me 
modified ribozymes varied with the medium and, to a lesser 
degree, with the base sequence of ribozyme stems (data not 
shown). At the earliest times, modified ribozymes were di- 
gested to fragments between 6 and 10 nucleotides in length 
whose relative abundance varied somewhat between experi- 
ments. Over time, all of the fragments were cleaved at their 
3 '-termini to generate smaller fragments. The amount of 3'- 
exonuclease activity was greatest in fetal calf serum, less in 
human serum and plasma, and least in human synovial fluid. 
The sensitivity of the 2'-0-Me fragments to cleavage by the 



Table II 

Cleavage Activity and Nuclease Resistance of Ribozymes 6-30 



Rz 



2'-Modification° 
(U4/U7) 



Activity 



Stability 
(t 3 f 



Relative stability/activity 
(^ A (Rz 1) 



6 
7 

8 
9 
10 

11 
12 
13 

14 
15 
16 

17 
18 
19 

20 
21 
22 

23 
24 
25 



OH/O-Me 
O-Me/O-Me 

=CrUO-Me 
0-Me/=CH„ 
=CHV=CH.] 

^F^O-Me 
0-Me/=CF, 
=CF/=CF~ 

F/O-Me 
O-Me/F 
F/F 

H/O-Me 
O-Me/H 
H/H 

araF/O-Me 
O-Me/araF 
araF/araF 

N'rUO-Me 
O-Me/NH. 
NrWNH.," 



1 
4 

6.5 
8 

8.5 

4.5 
5.5 
>15 



mm 

0.1 
260 

250 
320 
250 

400 
250 
380 



3 300 
8 300 
3.5 300 



26 C-Allvl/O-Me 

27 O-Me/C-Allvl 

28 C-Allyl/C-Allyl 

29 C-Allyl/O-Me + 

iT 

30 NHj/NHj + iT 



5.5 
>10 
4 

5.5 
4 

>15 

10 

5.5 
2 

3 
3 
3 

3 

2 



250 
250 
280 

500 
350 
500 

500 
500 
300 

>500 
300 
300 

16,000 

16,000 



1 

650 

380 
400 
300 

900 
220 
250 

1000 
375 
850 

450 
<250 
700 

900 
875 
<330 

500 
900 
1500 

>1700 

1000 
1000 

53,000 

80,000 



a Modifications follow the numbering scheme shown in Fig. 1. 

* Ribozyme activity expressed as cleavage half-time against the sub- 
strate shown in Fig. 1. 

* Ribozyme stability expressed as half-life of ribozyme in human 
serum. Times < 1 min are estimated and may be shorter. 

3'-exonuclease activity varied between Rz 2 and other ri- 
bozymes having the same 2'-0-Me content but of different 
sequence (data not shown). Comparison of nucleoside composi- 
tion suggests that these patterns of digestion cannot be attrib- 
uted solely to the primary sequence of the ribozyme fragments. 

Uniform Modifications in the Ribozyme Core Reduce Cata- 
lytic Activity but Enhance Nuclease Resistance— Other re- 
searchers have reported increased nuclease resistance of ham- 
merhead ribozymes through uniform substitution of ribo- 
pyrimidines with 2'-mocUned-pyrimidines. For example, 
Eckstein and co-workers have shown that uniform substitution 
of all pyrimidine nucleotides by 2'-F or 2'-NH 2 analogs greatly 
increased the stability of a hammerhead ribozyme, but also 
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Ril Rz2 Rz3 

H 0 14 30 60 120 H 0 15 30 60 120 HO 15 30 60 120 




Fig. 3. Nuclease resistance of minimally modified Rzs 1-3 in 
human serum. '-P-5' -End-labeled ribozymes were resuspended in 
fresh human serum and incubated for the indicated times at 37 °C. 
After quenching in stop buffer, ribozyme samples were size-fractionated 
on polyacrylamide gels as described under "Experimental Procedures." 
Ribozyme I is all RNA, Rz 2 contains 2'-0-Me arms, and Rz 3 contains 
P=S fphosphorothioate* arms (see Table 1 1. Times of incubation i min- 
utes) are shown above each panel. H = base hydrolyzed ribozyme size 
markers. Numbers to the right of each panel show the approximate size, 
in nucleotides, of the ribozyme fragments generated. FL, full-length 
ribozyme band position. 

reduced activity by 25-50- fold (Peiken et aL, 1991; Heidenreich 
et a/., 1994). We chose to test ribozymes containing uniform 
2'-C-allyl and 2'-F pyrimidine substitutions. The choice of the 
2 '-C-allyl modification was based on the observation that 2'-0- 
allyl substitutions in hammerhead ribozymes improve stability 
but cannot be introduced at positions U4 and U7 without a 
significant detrimental effect on catalysis ( Paolella et aL 1992 ), 
The 2'-C-allyl group should be less bulky than the 2'-0-allyl 
group near the sites required for catalysis, but may still provide 
sterically and conformationally based nuclease protection. 

The uniformly substituted 2'-C-allyl-pyrimidine ribozyme 
showed no activity in the cleavage assay (data not shown/, 
which was likely due to the inability of Stem II to form tDe 
Mesmaeker et al., 1993). Thus, another ribozyme was synthe^ 
sized that lacked the 2'-C-aIlyl-pyrimidine substitutions in 
Stem II (Rz 4). Ribozyme 4 t showed a 13-fold reduction in 
cleavage activity relative to Rz 1 (t A = 13 min). but also exhib- 
ited enhanced nuclease resistance in all sera U s = 120 min in 
human serum). A significant amount of full-length ribozyme 
was present after 4 h (Fig. 4 and Table I). Incubation of Rz 4 in 
serum resulted in the slow formation of stable oligonucleotide 
fragments of -16 nucleotides in length (Fig. 4). This digestion 
pattern suggested that Stem-Loop II was a primary site of 
nuclease activity in these ribozymes. Our data and the obser- 
vations of Eckstein and colleagues ( indicating that pyrimidines 
are the primary sites of endonuclease cleavage in hammerhead 
ribozymes; Heidenreich et al. (1993)) suggested that modifica- 
tion of the pyrimidines in Stem-Loop II might afford even 
greater nuclease protection. 

The 3'-exonuclease degradation of the C-allyl modified ri- 
bozyme was minimal over the time period. In contrast, the 
2'-F-pyrimidine modified Rz 5 showed better protection against 
endonuclease attack, but gave less protection from 3'-exomicle- 
ase activity than the C-allyl modifications. The cleavage activ- 
ity of Rz 5 was reduced 30-fold (f A = 30 min) relative to Rz 1. 
Since the 3'-exonuclease degradation of Rz 5 was much more 
pronounced than the Stem II endonuclease degradation of Rz 4, 
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Fig. 4. Comparative stability of 2'-C-allyI substituted, Rz 4, in 
human serum, human plasma, and fetal calf serum. Time courses 
with 32 P-5 '-end- labeled ribozyme were performed as in Fig. 3 and under 
"Experimental Procedures/ Times of ribozyme incubation (hours) are 
shown above each panel. H, base hydrolyzed ribozyme size marker; S, 
ribozyme resuspended in saline; FL, full-length ribozyme band position. 
Approximate size (in nucleotides) of the major digestion products are 
shown in the panel margins. 

the overall stability of Rz 5 was —8-fold lower than Rz 4 
(Table I). 

It has been shown that 2'-0-Me modifications stabilize RNA- 
RNA duplexes (Inoue et al., 1987) and do not have detrimental 
effects on the catalytic properties of hammerhead ribozymes 
when incorporated into the binding arms (Goodchild, 1992). We 
confirmed this latter observation by comparing the activity of 
Rz 1 with that of Rz 2. The effect of 2'-0-Me substitutions in the 
catalytic core on catalysis is less predictable (Paolella et al., 
1992; Yang et al., 1992) but may be beneficial for stability 
considering the nuclease resistance of the 2'-0-Me fragments 
generated from Rz 2 (see below ». 

Selective Ribozyme Modifications Maintain Catalytic Activity 
and Enhance Nuclease Resistance — We considered two models 
of essential hydroxyl groups for the hammerhead ribozyme 
catalytic core in the development of our consensus, nuclease- 
resistant motif. Yang et al. (1992) showed that hammerhead 
ribozymes containing 2'-0-Me nucleosides at all positions ex- 
cept (ribonucleotides) G5, G8, A9, A15.1, and G15.2 resulted in 
a ribozyme with significantly reduced activity, but with a 10 3 - 
fold increase in nuclease resistance in yeast extracts. Paolella 
et aL ( 1992) placed 2'-0-allyl nucleosides at all positions except 
U4. G5. A6. G8, G12 t and A15.1 and saw better activity (20% of 
wild type), while maintaining reasonable nuclease resistance 
(RNase A resistance increased by a factor of 10 2 and t s in 
bovine serum increased to - 1 h). These results indicated that 
a modicum of ribonucleotide positions were required within the 
ribozyme core to maintain catalytic activity. 

Based on the above data, we postulated a consensus motif 
(Fig. 1) that focused on positions U4 and U7 as pyrimidines 
within the core that might be 2'-modified without a drastic loss 
in catalytic activity. To test the importance of the U4 modifi- 
cation, Rz 6 was synthesized using a substitution pattern iden- 
tical to the one reported by Paolella et al. (1992), except that 
2'-0-Me was used instead of 2'-0-allyl at nonessential posi- 
tions. The choice of 2'-0-Me substitutions was based on reports 
that this 2 '-modification (i) confers stability to the hammer- 
head ribozyme (Yang et aL, 1992), (ii) is more stable to nucle- 
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Fig. 5. Stability of U7 2 -O-Me substituted Rz 6 in human se- 
rum. Ribozyme 6 contains 2'-0-Me substitutions at all positions shown 
in lowercase in Fig. 1, with the exception of position U4, which retains 
the ribose sugar. Time courses with 32 P-5 '-end-labeled ribozyme were 
performed as in Fig. 3 and under "Experimental Procedures.'' Times of 
ribozyme incubation (minutes) are shown above each panel. H % base 
hydrolyzed Rz 6 size marker; FL. full-length ribozyme band position. 
Approximate size tin nucleotides) of the major digestion products are 
shown in the panel margins. 

ases than either 2'-F or 2'-NH 2 analogs (Kawasaki et a/., 1993), 
(iii) is naturally occurring, thereby reducing the possibility of 
toxicity in uivo. and (iv) is relatively easily synthesized and 
incorporated. The resulting catalytic activity of Rz 6 was the 
same as the all-RNA Rz 1 U A = 1 min). Unfortunately, Rz 6 
showed no improvement in nuclease resistance. In human se- 
rum Rz 6 was rapidly cleaved to give smaller fragments that 
were -8 nucleotides in length (Fig. 5). The generation of 8-mer 
cleavage fragments from the 5 '-end of Rz 6 suggested that the 
U4 site (the only unmodified pyrimidine residue within Rz 6) 
remained hypersensitive to nucleases. The different stability of 
Rz 6 compared to the reported 2'-0-alIyl analog (Paolella et a/ M 
1992) could reflect a different accessibility of position U4 in a 
more sterically hindered 2'-0-allyl core compared to the less 
bulky 2'-0-Me core of Rz 6 and/or different nuclease composi- 
tions of bovine and human sera. The stability over time of the 
intact ribozyme fragment from Rz 6 suggested that the 2'-0-Me 
modification may be as good as the C-allyl modification at 
providing nuclease resistance. Thus, another 2'-0-Me substi- 
tuted ribozyme was made and tested (Rz 7) that contained the 
same substitutions as Rz 6 with an additional 2'-0-Me substi- 
tution at the U4 position. Ribozyme 7 showed a 4-fold reduction 
in catalytic activity (r A = 4 min) but also gave a dramatic 
improvement in the nuclease resistance of the ribozyme U s = 
260 min, Fig. 6), so that the overall stability/activity ratio, 0, 
improved 650-fold for Rz 7 compared to the all-RNA Rz 1. 

To further elaborate on this model, the seven 2 '-modified- 
uridine nucleotides shown in Fig. 2 were introduced into posi- 
tions U4 and U7, (ribozymes 8-28). These modifications were 
chosen for a variety of reasons. 2'-Fluoro- and 2'-NH 2 -U mod- 




Fig. 6. Stability of U4/U7 2 -O-Me substituted Rz 7 in human 
serum. Rz 7 contains 2'-0-Me substitutions at all positions shown in 
lowercase in Fig. 1, including positions U4 and 177. Time courses with 
a2 P-5'-end-labeled ribozyme were performed as in Fig. 3 and under 
"Experimental Procedures." Medium and times of ribozyme incubation 
(in minutes t are shown above each panel. //. base hydrolyzed Rz 5 size 
marker: S. ribozyme resuspended in saline; FL, full-length ribozyme 
band position: n l, Rz 7 missing the 3 '-terminal nucleotide. 

ifications have been successfully applied by Eckstein's group 
(Heidenreich et a/., 1993) but have not been used in a highly 
2'-0-methylated motif. The 2'-ara-F-U modification was intro- 
duced to probe the influence of configuration of the fluoro 
substituent on activity and stability. 2 '-Deoxy-2' -methylene 
and difluoromethylene nucleotides were introduced under the 
assumption that imposing conformational restrictions on ri- 
bose sugar puckering of these monomers could provide in- 
creased nuclease resistance without reducing catalytic activity! 
Yamagata et al. (1992) showed by x-ray analyses that the CI', 
C2\ and C3' carbons in 2'-deoxy-2 '-methylene pyrimidine 
nucleosides are nearly coplanar. Finally, 2'-dU was introduced 
to probe the effect of removing substituents from the 2'-posi- 
tion. In the case of single U4 or U7 substitutions, the other 
uridine site contained a 2'-0-Me uridine. 

The cleavage activity U A ), human serum half-lives U s ), and 
overall stability/activity ratios for Rzs 8-28 are shown in 
Table II. All modifications to U4 and/or U7 gave significant 
increases in nuclease resistance for these ribozymes, while 
varying levels of ribozyme activity were observed. The most 
dramatic increases in nuclease resistance were seen in Rzs 20, 
22-24, and 26, where stability times of greater than 500 min 
were observed (equivalent to > 5000-fold stability increase rel- 
ative to Rz 1). Ribozyme 25 gave a less dramatic increase in 
stability <f s = 300 min); however, its catalytic activity it K - 2 
min) made it attractive for further investigation. All of the 
ribozymes containing U4/U7 modifications were active to some 
degree, and the majority had activity decreases of less than 
5-fold relative to Rz 1. The best overall ribozymes in terms of 
combined stability and activity were ribozymes 25 and 26 with 
P values of 1500-1700. 

Certain trends that correlated with the type of 2 '-modifica- 
tion and catalytic activity were noted. Modifications that dis- 
torted the normal ribose ring pucker resulted in ribozymes with 
reduced activity; examples included Rzs 8-10 (2' -methylene) 
and 11-13 (2' -difluoromethylene). Double modification of both 
U4 and U7 with these nucleotides had an even more pro- 
nounced negative effect (Rzs 10 and 13). 2 '-Fluoro substitu- 
tions at U4 and U7 were less detrimental to catalysis than the 
related 2'-arabino-F-substitutions (Rzs 14-16 versus Rz 20- 
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Single turnover kinetic parameters of ribozymes 1. 2, 25. and 26 
Kinetic parameters were determined from single turnover experi- 
ments at pH 6.5 and 25 °C. 
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22). An especially striking difference was observed for the 
F/F-modified Rz 16 when compared to araF/araF-modified Rz 
22. Our observations with the F/F-modified Rz 16 are consist- 
ent with an earlier proposal (Heidenreich et al. % 1993) for a 
hydrogen bonding network, which includes the 2'-hydroxyl of 
U4 and U7 and is relatively undisturbed by 2'-F substitutions 
due to their hydrogen acceptor properties. The greater reduc- 
tion in activity observed for the araF/araF-modified Rz 22 could 
then be explained as a significant disruption of these hydrogen 
bonds due to the altered configuration at the 2 '-position. How- 
ever, this model would suggest that all modifications that re- 
move or shift the position of the 2'-hydroxyl at U4 and U7 
should significantly reduce ribozyme activity. In fact, only mod- 
erate (4-fold) reductions in activity are observed for H/H-mod- 
ified Rz 19, and for a recently tested ara/ara-modified ribozyme 
(data not shown). 

The high activity of Rz 25 (U4AJ7 = 2'-NH 2 -U) is in agree- 
ment with the recently published observation that incorpora- 
tion of 2'-NH 2 -U into both the U4 and U7 positions rescues the 
activity of uniformly 2'-F-substituted ribozymes at pyrimidine 
sites (Heidenreich et a/., 1994). Interestingly, the combination 
of 2'-NH 2 -U and 2'-0-Me substitution at positions U4 and U7 
yielded Rz 24 (0-Me/NH 2 ) with moderate and Rz 23 (NHJO- 
Me) with low catalytic activity. Only the double modification 
(NH.yNH 2 ) provided a highly active ribozyme. The intrinsic 
dual role of the amino group as a potential hydrogen bond 
donor and acceptor could be responsible for the observed effect 
if both 2'-NH. 2 groups are the partners in a hydrogen bonding 
network. In contrast, the relatively high catalytic activity of the 
2'-C-allyl modified Rzs 26-28 is not consistent with the hydro- 
gen bonding network proposed by Heidenreich et al. (1993) 
since it is unclear how the 2'-C-allyl group could participate in 
the normal hydrogen bonding or Mg* + coordination networks 
that create the active catalytic conformation. 

Having identified two ribozymes with substantially in- 
creased stability (Rzs 25 and 26), we wanted to confirm that the 
activity screens were correctly representing the activity of 
these ribozymes. Thus, more complete activity profiles were 
determined for Rzs 25 and 26 and were compared to the kinetic 
parameters of the control Rzs 1 and 2. Table III shows that Rzs 
1, 2, and 25 all have similar kinetic behavior. These ribozymes 
show little difference in the values of the specificity constant, 
h cat s /K M s , while the less certain estimates of k cut s and K M 
vary by only 2-fold. In contrast to these three ribozymes, Rz 26 
shows a -10-fold reduction in k cat s /K M s , which is almost com- 
pletely due to reductions in k cat s . 

We have attempted to compare our findings with the inter- 
actions seen in two recently published and very similar crystal 
structures (Pley et aL, 1994, Scott et a/., 1995). However, it is 
difficult to compare our results to these crystal structures for 
two reasons. First, most of our substitutions are conservative 
2'-0-Me sugar substitutions, which should cause a minimum of 
steric clash with neighboring groups and which can still act as 
H-bond acceptors, while the remaining, extensive substitutions 
have focused on the 2 '-positions only at U4 and U7. Second, the 
crystal structures appear to represent a ground-state structure 
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FlG. 7. Stability of internally labeled Rz 30 in human serum. 

Ribozyme 30 (U4/U7 2'-amino with 3'-3' inverted T) was labeled with 
32 P at the phosphate 5'- to the GAAA sequence in the Stem II loop (Fig. 
1) and incubated in human serum as in Fig. 3. For comparison, the 
all-RNA Rz 1 was 5 '-labeled with 32 P and incubated under the same 
conditions. The addition of 3'-3' inverted T to Rz 30 and the absence of 
a 5 '-phosphate makes this ribozyme migrate more slowly than Rz 1 on 
the acrylamide gel. Times of ribozyme incubation (in hours) are shown 
above each panel. H. base hydrolyzed Rz 1 size marker; S, ribozyme 
resuspended in saline; FL, full-length ribozyme band position. Time 0 h 
is actually the time required to add the ribozyme to serum, mix, and 
quench in stop buffer (—30 s). 

that is fairly distant from the transition state. Nevertheless. 
McKay and colleagues described three positions (U4, G5, and 
G8) at which H-bond contacts are made with the 2'-hydroxyl. 
The H-bond contacts at G5 and G8 are in agreement with the 
observations that these hydroxyl groups cannot be substituted 
without substantial loss of activity. However, the data for po- 
sition U4 would suggest that H-bond interactions with this 
2 '-hydroxyl are not essential for cleavage activity, since substi- 
tutions that abolish H-bonds (=CF 2 in Rz 11, and C-allyl in Rz 
26) show the same moderate reductions in activity as do sub- 
stitutions that maintain H-bonds (F in Rz 14). 

3' -Modifications Maintain Catalytic Activity and Extend Ri- 
bozyme Serum Half-life at Nanomolar Concentrations — Ri- 
bozymes 7-28 all showed dramatic improvements in nuclease 
resistance compared to the all-RNA Rz 1, or even compared to 
the highly modified Rz 6, which still contains a ribonucleotide 
at U4. However, all of these ribozymes still exhibit slow deg- 
radation at the 3'-end (cf. Fig. 6). Addition of a 3'-3'-linked, 
inverted T (iT) residue at the 3'-end of DNA oligonucleotides 
has been reported to inhibit the digestion of DNA by 3'-exo- 
nucleases (Ortigao et a/., 1992). We therefore added an iT to 
Rzs 25 and 26 to give Rzs 29 and 30. The iT residue protected 
the 3'-tenninus of the ribozymes for at least 48 h, when present 
at 25 nM in either human serum or fetal calf serum (data not 
shown). We viewed this as a conservative estimate of nuclease 
resistance due to a low level of phosphatase activity present in 
both sera. 

To eliminate the effect of 5 '-phosphatase activity on ri- 
bozyme stability measurements, the stability of Rz 30 was 
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evaluated using ribozymes that contaiw-u an internal 32 P label 
(see "Experimental Procedures"). Fig. 7 shows that >75% of 
internally labeled Rz 30 remained intact after a 72 h incuba- 
tion in human serum (t s = 16,000 min). In contrast, the all* 
RNA Rz 1 was degraded to small fragments within the 30 s that 
it took to add ribozyme to serum, mix, and quench the reaction 
{time 0 A, Fig. 1). During the incubation of Rz 30, a small 
number of minor bands appeared that have mobilities consist- 
ent with digestion at the five remaining ribose sites within the 
ribozyme. Thus, even greater stabilization .of the ribozymes 
is likely to require substitution of the 5 remaining ribose 
residues. 

To verify that the 3'-exonuclease activity in serum was not 
significantly diminished during the 72 h assay, Rzs 1 and 2 
were added to a sample of the serum after the 72 h incubation 
period. These nuclease-sensitive ribozymes were degraded im- 
mediately (data not shown). 

The presence of the inverted T residue at the 3'-end of Rzs 29 
and 30 has no effect on catalytic activity. Their activity half- 
times were identical to the equivalent Rzs 26 and 25, respec- 
tively, which lack the inverted T (Table II). Thus, Rzs 29 and 30 
show an overall 50,000-80,000-fold increase in the relative 
ribozyme stability/activity compared to the all-RNA ribozyme. 

Incubation of Nuclease-resistant Ribozymes in Human Se- 
rum Does Not Alter Catalytic Activity—To assess the effect on 
catalytic activity of prolonged incubation of Rzs 29 and 30 in 
human serum, samples of the Rzs were removed from the 
serum after 72 h and assayed for activity. To inhibit nuclease 
digestion of the substrate in serum, yeast tRNA was added to 
each sample. No diminution in ribozyme catalytic activity was 
noted in this assay (data not shown). 

Conclusions — We have systematically investigated the influ- 
ence of certain ^'-modifications on hammerhead ribozymes, 
with the goal of conferring high cleavage activity and increased 
nuclease resistance in biological sera. We have identified a 
consensus motif of 2'-hydroxyI groups required to maintain 
catalytic activity in the context of a persubstituted 2'-0-Me 
hammerhead ribozyme. In this motif, the 5 purine ribonucle- 
otides G5, A6, G8, G12, and A15.1 remain unmodified. Selec- 
tive modifications, at positions U4 and U7 in the "5-ribose** 
hammerhead ribozyme, maintain catalytic activity while dra- 
matically increasing the nuclease resistance of the ribozymes 



in biological sera. The bedt U4 and U7 modifications for stabil- 
ity and activity were U4/U7 2'-NH 2 and U4 2'-C-allyl/U7 2'-0- 
Me, which provided more than a 1500-fold increase in stability/ 
activity ratios (0) over the unmodified all-RNA ribozyme. An 
additional increase in £ values to 53,000-80,000 was achieved 
by introducing a 3'-3'-linked thymidine to the 3'-end of these 
ribozymes. 
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Abstract 

Proliferation of injured smooth muscle cells contributes to the reocclusion or restenosis of 
coronary arteries that often occurs following angioplasty procedures. We have identified and 
optimized nuclease-resistant ribozymes that efficiently cleave c-myb RNA. Three ribozymes 
targeting different sites in the c-myb mRNA were chemically synthesized and delivered to rat 
aortic smooth muscle cells with cationic lipids; all three significantly inhibited serum-stimulated 
cell proliferation. RNA molecules with two base substitutions in the catalytic core that render the 
ribozyme catalytically inactive had little effect on smooth muscle cell proliferation. Ribozymes 
with scrambled binding arm sequences also failed to affect cell cycle progression of vascular 
smooth muscle cells. Furthermore, inhibition of rat smooth muscle cell proliferation correlated 
with a reduction in intact c-myb mRNA. Efficacy of the chemically-modified ribozyme was 
directly compared to phosphorothioate antisense oligodeoxynucleotides (ODNs) targeting the 
same site in the c-myb RNA; the ribozyme had superior efficacy and showed greater specificity 
than the antisense molecules. Exogenously delivered ribozymes also effectively inhibited porcine 
and human smooth muscle cell proliferation. Ribozymes targeting c-myb or other regulators of 
smooth muscle cell proliferation may represent no vel therapeutics for the treatment of restenosis 
after coronary angioplasty. 

Key words: cell proliferation/c-myb/restenosis/ribozymes/smooth muscle cells/antisense 



Introduction 

The use of coronary angioplasty to surgically treat atherosclerotic vessels has been 
accelerating rapidly; over 450,000 procedures were performed in the United States alone in 1994. 
The procedure is quite effective at opening occluded vessels. However, in spite of a number of 
technical improvements in the procedure, post-operative occlusion of the arteries, or restenosis, 
still occurs. Thirty-five to forty-five percent of patients who have undergone a single vessel 
angioplasty develop clinically significant restenosis within 6 months of the procedure(Popma, et 
al., 1991, Landau, et al., 1994). Histopathologic^ studies have shown that restenosis after 
angioplasty is characterized by migration of medial smooth muscle cells to the intima, followed by 
hyperproliferation and excessive matrix deposition by these neointimal cells (Austin, et al., 1985, 
Garratt, et al., 1991). Although the underlying mechanisms driving the restenotic process are 
still a matter of debate, it is widely believed that preventing the injury-induced activation and 
proliferation of medial smooth muscle cells after angioplasty could prevent intimal thickening and 
restenosis(Forrester, et al., 1991, Jackson and Schwartz, 1992, Libby, et al., 1992). Towards 
this goal, we are exploring the use of ribozymes as specific modifiers of smooth muscle 'cell 
behavior. 

Ribozymes axe enzymatic RNA molecules; many of the common, naturally occurring 
ribozyme motifs can be engineered to cleave specific mRNA sequences (Cech, 1992, 
Christofferson and Maxr, 1995). The hammerhead ribozyme motif is particularly adaptable. First 
identified in plant virusoids as a cw-cleaving motif, the hammerhead ribozyme can be designed to 
act in trans (Symons, 1994). The motif used in this study contains two variable substrate binding 
arms interrupted by a catalytic core of approximately 22 nucleotides. This ribozyme has simple 
substrate sequence requirements; hammerhead ribozymes can cleave after any UH sequence 
(where H = A, C, or U) (Koizumi, et al. f 1988, Rufner, et al., 1990). Cleavage of specific 
mRNA sequences in vitro has been repeatedly demonstrated(Gech, 1992). The application of 
synthetic hammerhead ribozymes to mammalian cells has resulted, in several cases, in a 
demonstrable reduction in target RNA and a corresponding alteration in cellular phenotype 



(Sioud, et al. f .1992. Lange, et al., 1993, Snyder, et al. t 1993, Kiehntopf, et al., 1994, Sioud, 
1994, Leopold, et al., 1995). To date, ribozymes have not been engineered to target mRNA 
sequences from genes that are critical for normal cell proliferation. In an attempt to inhibit smooth 
muscle cell proliferation, we designed ribozymes that would cleave c-myb mRNA. 

The c-myb proto-oncogene encodes a protein consisting of a repeated N-terminal DNA 
binding domain(Tanikawa, et al., 1993), a transcriptional activating domain(Weston and Bishop, 
1989), and a C-tenninal repressor domain (Sakura, et al., 1989). The consequences of c-myb 
expression have been carefully studied in the hematopoietic lineage, where c-myb expression is 
required for proliferation of early hematopoietic precursors (Mucenski, et al., 1991). Conversely, 
reduced c-myb expression is required for terminal differentiation of hematopoietic cells (Clarke, et 
al., 1988). Likewise, in cells of other lineages, over-expression of c-myb can lead to elevated 
proliferation (Alitalo, et al., 1984, Griffin and Baylin, 1985, Janssen, et al., 1986, Thiele, et al., 
1987) and reduced expression is correlated with differentiation (Thiele, et al., 1988). thus, in 
several cell types, c-myb is a pivotal regulatory factor, influencing the decision to divide or 
differentiate. 

If c-myb plays a similar critical role in the differentiative state of smooth muscle cells, then 
over-expression should lead to hyperproliferation and reduced expression should promote 
terminal differentiation. Indeed, when whole serum is added to quiescent smooth muscle cells in 
vitro, expression of a number of cellular proto-oncogenes, including the transcription factor, c- 
myb, is induced (Kindy and Sonenshein, 1986, Brown, et al., 1992) and cell proliferation 
ensues. Serum-induced c-myb expression and proliferation can be blocked with an antisense 
oligodeoxynucleotide (Brown, et al., 1992). In vivo, a c-myb antisense oligodeoxynucleotide 
appears to inhibit restenosis when applied to rat arteries after balloon angioplasty (Simons, et al., 
1992). Thus, c-myb is required for smooth muscle cell activation and hyperproliferation induced 
by the multitude of growth factors present in serum or induced by arterial injury in vivo. 

Herein, we describe the activity of several ribozymes targeting c-myb. We find that 
ribozymes capable f cleaving c-myb mRNA can inhibit cell proliferation when applied to smooth 



muscle cells as an RNA/cationic lipid complex. RNA molecules that lack catalytic activity or 
binding activity arc much less efficacious than active ribozymes. As expected, the inhibition of 
smooth muscle cell proliferation by the hammerhead ribozymes correlates with a reduction in c- 
myb mRNA levels. These nuclease-stable ribozymes represent novel therapeutic molecules; their 
striking efficacy, when delivered exogenously, suggests that they may be used to inhibit the 
hyperproliferation of smooth muscle cells that occurs in many patients after coronary angioplasty. 

Results 

Ribozymes targeting c-myb inhibit smooth muscle cells 

The hammerhead ribozyme motif used in these studies is shown in Figure 1. The 
consensus sequence that is vulnerable to hammerhead ribozyme cleavage (UH, where H can be 
A, C, or U) occurs frequently throughout the c-myb message. In the intracellular milieu, potential 
cleavage sites are likely to vary significantly in accessibility to ribozyme binding, depending on 
protein binding and secondary and tertiary structure in the mRNA. We have determined the 
optimal sites for ribozyme cleavage of the c-myb mRNA by a method described separately (T. 
Jarvis, et al, in preparation). Hammerhead ribozymes targeting these sites then were synthesized 
chemically (Wincott, et al., 1995)with modifications designed to confer high levels of nuclease 
resistance while retaining catalytic activity (Usman, et al., 1994, Beigelman, et al., 1995). The 
structure is shown in Figure 1. Inactive controls contain two mutations in the catalytic core which 
abolish cleavage activity. The active and inactive ribozymes have been shown to have equivalent 
stability with respect to nucleolytic degradation (Beigelman, et al., 1995). 

The chemically synthesized ribozymes were delivered to quiescent rat aortic smooth 
muscle cells (RASMQ using the cationic lipid vehicle, lipofectAMINE. We have shown by 
flow-cytometric analysis with fluorescently labeled ribozyme, that greater than 90% of the cells 
are tranfected under these conditions (unpublished data). The cells were then stimulated with 
serum, and cell proliferation was measured by a bromodeoxyuridine (BrdU) incorporation assay 
as shown in Figure 2. A high percentage of the serum-stimulated cells underwent DNA 
replication and therefore stained positively for BrdU (panel A), while a very low percentage of 



BrdU positive nuclei were seen in the absence of serum (panel B). Significant inhibition of the 
proliferative response was seen when cells were treated with an active c-myb ribozyme prior to 
serum stimulation (panel C). By contrast, cells treated with an inactive ribozyme proliferated at 
levels comparable to the serum control (panel D). Since the inactive ribozyme is expected to bind 
to the same site in c-myb RNA, but is incapable of catalytic cleavage, this result suggests that the 
inhibition of cell proliferation observed upon treatment with active ribozyme was mediated by 
cleavage of c-myb mRNA. 

Data obtained from experiments such as that shown in Figure 2 can be quantified in terms 
of the percentage of cells proliferating under each treatment condition. Figure 3 shows the activity 
of ribozymes targeting three different sites in the c-myb message. In each case, treatment of the 
cells with a catalytically active ribozyme resulted in significant inhibition of proliferation, while 
treatment with the inactive counterpart failed to inhibit. We have also tested active ribozymes 
containing scrambled binding arms that cannot anneal to the c-myb message, and found that they 
also failed to inhibit proliferation (unpublished data). Several active ribozymes targeting different 
sites within c-myb show comparable levels of inhibition. This suggests that the observed effect is 
a direct consequence of reduction in c-myb expression, and not merely a coincidental "aptamer" 
effect associated with a particular oligonucleotide sequence or chemistry. The lack of inhibition 
by three different catalytically inactive ribozymes indicates that the mechanism of the inhibition is 
sequence-specific cleavage of c-myb message. 

The ribozyme targeting site 575 of the c-myb mRNA was selected for further study. 
Figure 4 shows the inhibition of proliferation by active ribozyme relative to the serum-stimulated 
control as a function of offered dose. The ribozyme-mediated inhibition is clearly dose- 
dependent, with an IC50 of approximately 75 nM. The inactive control shows no inhibition 
except for a modest effect at the highest dose. This result has proven to be highly reproducible. 
In nine consecutive experiments using this ribozyme, the average specific inhibition (inhibition of 
proliferation by active ribozyme relative to inactive ribozyme) was 72% ± 16% at a 100 nM dose. 



In addition, we have confirmed this result using flow cytometric analysis to measure the 
proliferative state of the smooth muscle cells (unpublished data). 

Treatment with active ribozyme reduces c-myb mRNA levels in smooth muscle 
cells 

We have repeatedly shown that active c-myb ribozymes inhibit smooth muscle cell 
proliferation while catalytically inactive ribozyme controls do not. These data strongly suggest 
that ribozyme cleavage of c-myb RNA mediates the observed effect We attempted to confirm this 
hypothesis by direct measurement of c-myb RNA isolated from cells following ribozyme 
treatment Since c-myb message is a relatively low-abundance RNA, we chose to measure the 
RNA by quantitative competitive polymerase chain reaction (QC-PCR) (Thompson, et al., 1992). 
Each measurement includes a determination of both the c-myb RNA level and that of a 
housekeeping gene, glyceraldehyde phosphate dehydrogenase (GAPDH). The results are 
displayed as a ratio of c-myb to GAPDH to normalize for variations in cell number, RNA yield 
and integrity, and RNA preparation-specific effects on the PCR analysis. As shown in Figure 5, 
c-myb RNA levels are reduced in smooth muscle cells following treatment with active ribozyme. 
The ribozyme-mediated reduction in c-myb RNA levels is similar in magnitude to the inhibition of 
proliferation measured in parallel cultures. 

The experiment shown in Figure 5 was performed on RNA isolated 12 hours after serum 
stimulation. In subsequent experiments, we examined the c-myb RNA level at earlier and later 
times following ribozyme treatment RNA harvested either immediately after ribozyme treatment, 
4 hours, 12 hours or 20 hours post serum stimulation showed 72%, 48 ± 15%, 80 ± 6%, or 49 ± 
19% reduction in c-myb levels by active ribozyme relative to inactive ribozyme, respectively. 
Thus, ribozyme treatment results in prolonged depression of c-myb message in these cells. Since 
the precise role of c-myb in cell cycle progression has not been clearly elucidated, we do not 
know which time point is the most relevant from the standpoint of proliferation. It is clear, 
however, that the inhibition in proliferation by active ribozymes correlates with message reduction 
throughout the assay period. 



Comparis n of anti-c-myb ribozymes and antisense oligodeoxynucleotides 

Several studies have reported inhibition of vascular smooth muscle cell proliferation by 
antisense oligodeoxynucleotides targeting c-myb mRNA (Brown, et al., 1992, Simons, et al. f 
1992). This gene inactivation strategy utilizes nuclease-resistant phosphorothioate 
oligodeoxynucleotides. Such molecules can either inhibit translation by steric blocking effects 
near the site of initiation, or they can activate endogenous RNAse H activity, leading to cleavage 
of the target RNA. By contrast, the ribozymes used in this study contain 2-0-methyl 
nucleotides. Hybrids of RNA and 2 , -0-methyl nucleotides are not substrates for RNAse H 
cleavage (unpublished data). Since the catalytic activity is intrinsic to the ribozyme itself, cleavage 
of the target RNA can occur upon hybrid formation, without the additional requirement of ternary 
complex formation with an endogenous nuclease. Given these differences in mechanism, we 
wished to compare the relative merits of the antisense and ribozyme approaches in our system. 

In Table I, the activity of the ribozyme targeting site 575 is compared to a 15-mer 
phosphorothioate antisense oligodeoxynucleotide (ODN) that exactly matches the ribozyme 
binding site, or to a 25-mer antisense oligomer centered around the 575 site. At both doses 
tested, the active ribozyme showed a high degree of specific inhibition of smooth muscle cell 
proliferation relative to the inactive or scrambled controls. With the phosphorothioate ODN, non- 
specific effects exhibited by scrambled sequence controls were much more pronounced. 
Treatment with the 25-mer ODN gave completely non-sequence-specific inhibition of 
proliferation. The shorter antisense ODN showed some specificity relative to the scrambled 
control at both doses, although the overall degree of inhibition was less than that exhibited by the 
active ribozyme. Thus, under these conditions, the ribozyme approach offered the advantage of 
both enhanced activity and specificity for the target mRNA. 

Brown et a/.(Brown, et al. t 1992) have reported sequence specific effects with two 
different anti-c-myfr oligodeoxynucleotides, one targeting the coding region from nucleotides 940 
to 959 and one targeting the translational initiation site. In our hands, these 
oligodeoxynucleotides showed very similar effects to those shown in Table I for the 575 site 15- 



mer (unpublished data). In several attempts, we were unable to observe any sequence-specific 

effects of the oligodeoxynucleotides used by Simons et a/.(Simbns, et al. f 1992, Simons and 

Rosenberg, 1992) In all of the above cases, the scrambled sequence phosphorothioate ODN 

controls showed significant non-specific inhibition, so the efficacy of the antisense 

oligodeoxynucleotides had to be assessed against this background. 

Ribozymes targeting c-myb inhibit porcine and human smooth muscle cell 

proliferation 

In developing oligonucleotide therapeutics, one must consider the sequence conservation 
of the target gene between humans and each of the relevant preclinical animal species that might be 
used to evaluate the therapeutic potential of the compound. Recognized animal models for 
angioplasty include the rat carotid artery injury model, and the porcine iliofemoral or cardiac artery 
injury model The complete sequence for human c-myb cDNA has been reported (Majello, et aL, 
1986). Sequencing of selected regions of rat and porcine c-myb cDNA has shown that the 575 
ribozyme binding site is conserved between rat, pig and human (unpublished data). Figure 6 
shows a comparison of the effect of the 575 ribozyme on rat, porcine and human aortic smooth 
muscle cells. Clearly, the active ribozyme shows specific inhibition relative to the inactive and 
scrambled-inactive controls in cells originating from each species. The scrambled ribozyme 
contains an inactive core, and scrambled binding arms and therefore serves as a control for non- 
specific chemistry effects. We have also verified that an active ribozyme with scrambled binding 
arms (a control for non-specific cleavage) fails to inhibit (unpublished data). These data suggest 
that the binding site for the 575 ribozyme must be similarly accessible in rat, pig and human c- 
myb messages, despite the fact that the target mRNAs may have slightly different overall 
structures. Thus, ribozymes described in these studies may be expected to have similar effects in 
several well-defined animal models of restensosis and in human clinical trials. 



Discussion 

We have demonstrated that ribozymes targeting several different sites within the c-myb 
message are highly efficacious in inhibiting the proliferation of vascular smooth muscle cells. The 
results are reproducible, and have been observed in cells derived from several different species. 
The inhibition is clearly mediated by a sequence-specific ribozyme cleavage mechanism, as 
demonstrated by the lack of inhibition by catalytically inactive controls. The observed reduction 
in intracellular c-myb RNA levels following ribozyme treatment lends credence to this mechanistic 
interpretation. 

Using ribozymes as specific probes of c-myb function, we have shown that the proto- 
oncogene c-myb is required for cell cycle progression in response to serum stimulation in cultured 
vascular smooth muscle cells derived from rat, pig and human arteries. Thus, our data illustrate a 
common role of c-myb in potentiating vascular smooth muscle cell proliferation in a variety of 
species, and is consistent with its role as a pivotal regulatory transcription factor in hematopoetic 
cells as well. Previously, antisense phosphorothioate molecules have been used similarly to 
probe the role of c-myb in rat and bovine smooth muscle cell proliferation(Brown, et al., 1992, 
Simons, et al., 1992, Simons and Rosenberg, 1992). The sequence-specificity and the 
mechanism of action of some of these oligonucletides have been questioned by a number of 
investigators (Epstein, et al., 1993, Guzman, et al., 1994, Burgess, et al., 1995). The data we 
present demonstrate the enhanced sequence-specificity of ribozymes as inhibitors of gene 
expression. RNA molecules with simple substitutions that block catalytic activity and ribozymes 
with altered sequence recognition properties provide better means of demonstrating sequence- 
specific effects than "sense" or even "scrambled" antisense oligodeoxynucleotide controls. 

Several examples have been reported in which in vitro transcribed ribozymes complexed 
with cationic lipids have shown significant efficacy against their intended target when delivered to 
mammalian cells in culture (Sioud, et al., 1992, Taylor, et al., 1992, Lange, et al., 1993, 
Kiehntopf, et al., 1994). In these cases, the cationic lipid complex is thought to protect the RNA 
from degradation during the assay period. Chemically synthesized ribozymes can be stabilized 



additionally by avariety of strategies, including synthesis of DNA/RNA chimeras (Taylor, et al. t 

1992, Shimayama, et al., 1993) and ^-substitutions (Pieken, et al., 1991, Usman, et al., 1994, 
Beigelman, et al., 1995). DNA/RNA chimeric ribozymes delivered as cationic lipid complexes 
have shown efficacy in reducing MDR-1 expression in pleural mesothelioma cells in culture 
(Kiehntopf, et al., 1994)and in reducing bcr-abl expression in a chronic myelogenous leukemia 
cell line (Snyder, et al., 1993). However, the DNA moieties in the binding arms of these 
ribozymes could stimulate RNAseH cleavage and RNA sequences in the catalytic core of the 
ribozyme are still susceptible to nuclease digestion. In our experiments, we have utilized 
ribozymes with a unique pattern of 2 '-substitutions that maintain the ribozyme catalytic activity 
while conferring resistance to nucleases present in serum (Usman, et al., 1994, Beigelman, et al., 
1995). The enhanced serum stability of the RNA molecules described herein make them ideal for 
exploring further the utility of ribozymes in vivo. 

The ribozymes reported here constitute a unique approach to the selective regulation of 
gene expression, and may be applied in vivo to inhibit c-myb or other genes critical for smooth 
muscle cell proliferation. Other oligonucleotides that inhibit smooth muscle cell proliferation have 
shown promise in animal models of intimal hyperplasia- Antisense ODNs targeting c-myb, c- 
myc, cdc2, cdk2 or proliferating cell nuclear antigen (PCNA) have reduced intimal hyperplasia 
after balloon injury (Simons, et al., 1992, Biro, et al., 1993, Morishita, et al., 1993, Shi, et al., 

1993, Simons, et al., 1994). Antisense ODNs targeting PCNA and cdc2 have shown efficacy in 
an animal model of stenosis after venous graft procedures (Mann, et al., 1995). Other anti- 
proliferative or cytotoxic strategies have also shown efficacy in animal models of restenosis. For 
example, treatment of denuded porcine arteries with recombinant adenovirus expressing a 
constitutively active form of the retinoblastoma that inhibits smooth muscle cell proliferation 
results in significant reductions in neoinitimal thickening (Chang, et al., 1995). These results 
indicate that therapies resulting in reduced smooth muscle cell proliferation can ameliorate the 
intimal hyperplasia associated with balloon injury. Therefore anti-proliferative ribozymes, such 
as those reported here, may represent promising therapeutics for the treatment of restenosis. 



As with antisense or gene therapies, a ribozyme therapy for restenosis will require an 
effective method for intraluminal delivery. Effective delivery of a synthetic ribozyme would 
result in prolonged residence of the ribozyme in the arterial wall during the critical time window 
for smooth muscle cell proliferation following PCTA. Many devices such as microporous 
balloon catheters, hydrogel catheters, and drug-eluting biodegradable stents that show promise in 
accomplishing this task are currently under development (Lincoff, et aL, 1994, Riessen and Isner, 

1994) . Ribozymes also may be delivered via a gene therapy approach, expressing the ribozymes 
from virally encoded transcription units (Christofferson and Marr, 1995, Thompson, et al., 

1995) . For example, adenovirus has been shown to be highly efficient at infecting smooth 
muscle cells in denuded arteries(Guzman, et al., 1993, Lemarchand, et al., 1993). Thus, 
recombinant adenoviruses could be engineered to express c-myb ribozymes, providing an 
alternative approach to achieving inhibition of cell proliferation during the critical period of 
smooth muscle cell proliferation after coronary angioplasty. 

In addition to restenosis, inappropriate expression of c-myb is implicated in neoplastic 
disorders including colon carcinoma(Melani, et al., 1991), small cell lung carcinoma (Griffin and 
Baylin, 1985), neuroblastoma (Thiele, et al., 1987), melanoma (Hijiya, et al., 1994), and 
leukemia (Slamon, et al., 1984). Antisense oligodeoxynucleotides targeting c-myb have 
prolonged survival significantly in a SCID mouse model of human leukemia (Ratajczak, et al., 
1992), and have suppressed tumor growth in a SCID mouse model of human melanoma (Hijiya, 
et al., 1994). Thus we believe that ribozymes that are capable of down-regulating c-myb 
expression have considerable therapeutic potential for the treatment of both cardiovascular disease 
and cancer. 

Materials and methods 
Ribozyme synthesis and sequences. Ribozymes were synthesized and purified as 
described by Wincott et al (Wincott, et al., 1995). The active hammerhead motif used in these 
experiments consists of seven nucleotide binding arms designed to anneal to the c-myb message, 
and a conserved core required for catalytic activity (see Figure 1). A variety of modifications 



were introduced to increase nuclease resistance while retaining catalytic activity (Usman, et al., 
1994, Beigelman, et al. f 1995)as indicated by the following code: iowercase indicates 2-0- 
methyl nucleotides, uppercase indicates 2'-hydroxyl (ribo) nucleotide, and U indicates 2-C-allyl 
uridine. Inactive versions have the identical binding arm sequences, but have two mutations in 
the core that eliminate cleavage activity. Scrambled versions contain the inactive core, and the 
base composition is maintained, but the sequence order of the arms is mixed to eliminate binding 
to the target sequence- Cleavage site numbering is based on the human z-myb sequence 

(Genbank accession number X52 125). 

Site 575 active: S'-guuuucccI/GAuGaggccgaaaggccGaaAuucucc-y 
Site 575 inactive: 5-guuuuccc£/uAuGaggccgaaaggccGauAuucucc-3 f 
Site 575 scrambled: S'-uuccucucI/uAuGaggccgaaaggccGauAcgucuu-S' 
Site 549 active: 5-uuggcaacI/ GAuGaggccgaaaggccGaaAacagac-3' 
Site 549 inactive: S'-uuggcaact/ uAuGaggccgaaaggccGauAacagac-3' 
Site 1553 active: S-accuuuuct/GAuGaggccgaaaggccGaaAuagcug-S* 
Site 1553 inactive: S'-accuuuuct/uAuGaggccgaaaggccGauAuagcug-y 

Unless otherwise indicated, backbone linkages are phosphodiester. The ribozymes also contain 
various end-modifications designed to further increase their resistance to exonucleolytic 
degradation. Two alternative modifications were used in these studies: 1) five phosphorothioate 
linkages at each end, or 2) four or five phosphorothioate linkages at the 5'-end together with a 3- 
S'^inverted" deoxythymidine linkage at the 3'-end. Each of these end-protected variants showed 
virtually identical catalytic activity, stability and cell culture efficacy; they were used 
interchangably in this study. The catalytic cleavage activity of all of the active ribozymes was 
verified on a matched short substrate by standard methods; inactive ribozymes did not exhibit any 
detectable cleavage activity under these conditions (unpublished data). 



Antisense oligodeoxynucleotides. Phosphorothioate oligodeoxynucleotides were were 
obtained from Midland Certified Reagent Co. They were designed to anneal to c-myb RNA from 
nucleotide 568 to 582 (15-mer) or from nucleotide 563 to 587 (25-mer). 

Antisense 15-men 5-GdTTCCAATTCTCC 

Scrambled 15-men 5-TTCTACACGTCCCTT 

Antisense 25-men S-ACACTGCTTTCCAATTCTCCCITTT 

Scrambled 25-men S-TTACTCTTCTCGCCCTATATCTCTA 

Cell culture. Rat aortic smooth muscle cells (RASMC) were isolated from aortic tissue 
explants from 69-84 day-old female Sprague-Dawley rats (Harlan Sprague Dawley, Inc.) and 
assayed through passage six. Porcine aortic smooth muscle cells (PAS) were isolated from aortic 
tissue explants from adult pigs and assayed through passage ten, RASMC and PAS were grown 
in Dulbecco's modified Eagle's medium (DMEM) supplemented with non-essential amino acids 
(0.1 mM of each amino acid), 0.1 mM sodium pyruvate, 100 U/ml penicillin, 100 Jig/ml 
streptomycin, 2 mM L-glutamine, 20 mM Hepes (all from BioWhittaker) and 10% fetal bovine 
serum (FBS) (Hyclone Laboratories, Inc.). Human aortic smooth muscle cells (AOSMQ were 
obtained from Clonetics, and grown in SmGM (Clonetics) supplemented with 20 mM Hepes and 
2 mM L-glutamine. AOSMC were assayed through passage eight 

Proliferation Assay. Cells were plated in growth medium in 24-well plates at 5x1 0 3 cells per 
well for RASMC and lxlO 4 cells per well for AOSMC and PAS. After 24 hours, the medium 
was removed, cells were washed once with Dulbecco's phosphate buffered saline (DPBS) with 
Ca2+/Mg2+, and refed with starvation medium. Starvation medium is the same as growth 
medium except the concentration of FBS was reduced to 0.5% FBS for RASMC and AOSMC, 
and 0.1% FBS for PAS. Cells were starved for 48-72 hours before ribozyme treatment 
Ribozymes were diluted in serum-free DMEM with additives as above excluding antibiotics. 
LipofectAMINE (Gibco-BRL) was added to a final concentration of 3.6 |iM DOSPA (= 12 
Jig/ml LipofectAMINE). Lipid/ribozyme mixtures were vortexed, incubated for 15 minutes at 



37C and then added to cells which had been washed twice with DPBS with Ca 2+ /Mg 2+ . Cells 
were incubated with the lipid/ribozyme complexes at 37C for 2-4 hours, complexes were 
aspirated and cells were stimulated by the addition of growth medium. Control wells were treated 
with lipid only and stimulated with growth medium containing either 10% FBS or 0% FBS. All 
conditions were run in duplicate. At the time of stimulation, 5-bromo-2'-deoxyuridine (BrdU) 
(Sigma) was added at a final concentration of 10 jiM. Cells were incubated for 20-24 hours, at 
which point the cells were fixed by the addition of cold 100% MeOH plus 0.3% hydrogen 
peroxide for 30 minutes at 4C. The following reagents were used at room temperature to stain the 
BrdU containing nuclei, with two DPBS washes between each step. 1) 2 M HC1 for 20 minutes. 
2) 1% horse serum in DPBS for 30 minutes. 3) anti-Brdll monoclonal antibody (Bectin- 
Dickinson) diluted 1:200 in DPBS with 1% BSA and 0.5% Tween 20 for 1 hour. 4) biotinylated 
horse anti-mouse IgG in DPBS for 30 minutes. 5) ABC reagent (Pierce mouse IgG kit) in DPBS 
for 40 minutes. 6) DAB substrate (Pierce) DAB buffer for 7 minutes. 7) hematoxylin (Fisher) 
diluted 1:1 with distilled water for 1 minute. A minimum of 400 cells per well were counted 
under the microscope and the percent of proliferating cells (BrdU-stained nuclei/total nuclei) was 
determined. Error bars represent the range of duplicate wells. 

Detection of c-myb RNA by QC-PCR. The quantitative competitive polymerase chain 
reaction (QC-PCR) method was performed as described (Beaudiy & McSwiggen, 1996). The 
competitor RNA for c-myb was derived from a fragment of rat c-myb cDNA covering bases 428 
to 753, and containing a deletion of 50 bases from nucleotides 550 to 599. The GAPDH 
competitor was derived from Ambion plasmid pTRI-GAPDH and also contained a deletion of 50 
bases from nucleotides 250 to 299. For RT/PCR 1, the primers were: (i) c-myb , R441F 5*- 
TGGCAGAAAGT(G/A)CT(G/A)AACCCT-3* and R734R S'-TCCAGTGGTTCITGATAGCA- 
3\ (ii) GAPDH, Gsl23R S'-CAGCCCCACGGCCATCA-r and Gs408F 5'- 
TC ACC ACC ATGG AG AAGGC-3 ' . For PCR 2, the primers were: (i) c-myb , 5*- 
AACCCTGAACTCATCAAAGG-3* and R720R 5 f -ATAGCATTATCAGTCCGTCC-3\ (ii) 
GAPDH, Gs380R 5 * - ACCTG AAGGGTGGGGCCAAA-3 • and Gsl36R 5*- 



CATCACGCCACAGCnTCC-3\ Primer annealing was at 50°C The concentration of c-myb 
and GAPDH RNAs in each sample were determined as described (Beaudry & McSwiggen, 1996) 
from a plot of the percent competitor in the PCR products versus the amount of input competitor 
RNA. All values were reported as a ratio of c-myb RNA to GAPDH RNA from the same sample 
to nor m alize for the efficiency of RNA isolation, RNA integrity, and PCR amplification 
efficiency. Each data set contained controls for the following: competitor alone, wild-type alone, 
negative controls for each step (RT f PCR 1, PCR 2), and "no reverse transcriptase" reactions for 
each unknown to control for contamination of the starting sample. 
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Legends to figures 

Figure 1 

Structure of synthetic hammerhead ribozymes used in this study. The consensus 
sequence for RNA cleavage is U followed by either A, C or G (denoted H). Position 4 contains 
2-C-allyl U, a modification that has been shown to increase resistance to endonucleases while 
retaining significant catalytic activity. The numbering system is based on Hertel et al (Hertel, et 
aL, 1992). 
Figure 2 

RASMC were treated with 50 nM ribozyme targeting c-myb site 575. Ribozymes were 
complexed with LipofectAMINE as described in Methods.' The black arrow indicates a BrdU- 
positive nucleus that has undergone DNA replication during the assay period. The white arrow 
indicates a BrdU-negative nucleus. Quantitation of the percentage of BrdU-positive nuclei gave 
results as follows: Panel A, FBS control, 70 ± 3 % proliferation; Panel B, unstimulated control, 
9.5 ± 1.5 % proliferation; Panel C, active ribozyme, 22.5 ± 2.5 % proliferation; Panel D, inactive 
ribozyme, 68.5 ± 6.5 % proliferation. The ribozymes in this experiment contained five 
phosphorothioate linkages at the 5'-end and inverted deoxythymidine at the 3'-end. 
Figure 3 

Active and inactive versions of ribozymes targeting three different sites in c-myb were 
complexed with LipofectAMINE as described in Methods and delivered to rat aortic smooth 
muscle cells at a 50 nM dose. These ribozymes contained five phosphorothioate linkages at both 
the 5' and 3'-ends. 
Figure 4 

The site 575 ribozyme used in Figure 2 was delivered at various doses to rat aortic smooth 
muscle cells. Percent proliferation relative to the serum-stimulated control is calculated as 
follows: (%proliferation with ribozyme - %basal proliferation) + (^proliferation with serum - 
%basal proliferation) * 100. Basal proliferation refers to proliferation in the absence of serum 
(usually between 5 and 15%). 



Figure 5 

RASMC were treated with lOO.nM of either active or inactive site 575 ribozyme 
complexed with LipofectAMINE. The ribozymes contained four phosphorothioate linkages at the 
5'-end and inverted deoxythymidine at the 3 f -end. Cells were stimulated with serum and 
incubated for 12 hours. Cells were then washed once with DPBS, and the RNA was isolated and 
analyzed as described in Methods. Parallel cultures were treated identically and assayed for 
proliferation using the BrdU assay protocol 
Figure 6 

Active, inactive and scrambled versions of the site 575 ribozyme were complexed with 
LipofectAMINE and delivered at 100 nM to rat aortic smooth muscle cells, porcine aortic smooth 
muscle cells, and at 200 nM to human aortic smooth muscle cells. The ribozymes contained four 
phosphorothioate linkages at the 5'-end and inverted deoxythymidine at the 3'-end. Proliferation 
is expressed as a percentage of the serum-stimulated control, as described in Figure 4. 



Table I 



Comparison of ribozymes and antisense oligodeoxynucleotides targeting c~myb 



Oligonucleotide % proliferation % proliferation 

treatment of RASMCP 100 nM dose gQnMdQge 

Active ribozyme 14.5 ± 1.5 17 ±8 

Inactive ribozyme 62 ± 1 65 ± 1 

Scrambled ribozyme 58 ± 2 57 ±3 

Antisense 15-mer 27 ± .5 37 ± 5 

Scrambled 15-mer 42.5 ± 3.5 70 ±11 

Antisense 25-mer 31.5 ±3.5 44.5 ±3.5 

Scrambled 25-mer 30 ± 4 44.5 ± 7.5 



a Active, inactive and scrambled-arm inactive versions of the site 575 ribozyme were complexed 
with LipofectAMINE and delivered to rat aortic smooth muscle cells at either 100 nM or 50 nM 
These ribozymes contained five phosphorothioate linkages at both the 5' and 3'-ends. Fully 
phosphorothioate 15-mer and 25-mer oligodeoxynucleotides that were either complementary to c- 
myb at the 575 site (antisense), or contained the same sequence composition in scrambled order 
(scrambled) were complexed with LipofectAMINE in the same manner and delivered at either 100 
nM or 50 nM. Control levels were 88 ± 1% proliferation for the serum stimulated cells and 8 ± 
05% proliferation for the unstimulated cells. 
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A synthetic, chemic / modified ribozyme 
eliminates amelogenin, the major translation 
product in developing mouse enamel in vivo 
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Ribozymes are small RNA structures capable of cleav- 
ing RNA target molecules in a catalytic fashion. 
Designed ribozymes can be targeted to specific mRNAs, 
blocking their expression without affecting normal 
functions of other genes. Because of their specific and 
catalytic mode of action ribozymes are ideal agents for 
therapeutic interventions against malfunctioning or 
foreign gene products. Here we report successful 
experiments to 'knock out' a major translation product 
in vivo using synthesized, chemically modified 
ribozymes. The ribozymes, designed to cleave amelo- 
genin mRNA, were injected close to developing man- 
dibular molar teeth in newborn mice, resulting in a 
prolonged and specific arrest of amelogenin synthesis 
not caused by general toxicity. No carriers were 
required to assist cellular uptake. Amelogenins are 
highly conserved tissue-specific proteins that play a 
central role in mammalian enamel biomineralization. 
Ultrastructural analyses of in vivo ribozyme-treated 
teeth demonstrated their failure to develop normally 
mineralized enamel. These results demonstrate that 
synthesized ribozymes can be highly effective in achiev- 
ing both timed and localized *knock-out' of important 
gene products in vivo, and suggest new possibilities 
for suppression of gene expression for research and 
therapeutic purposes. 

Keywords: 2^0-anyIrib6nucIeotides/ameIogenin/biomineral- 
lzation/demal enamel/synthetic hammerhead ribozymes 



Introduction 

Interference with gene expression at the level of mRNA 
holds great promise for therapeutic interventions in cases 
of malfunctioning gene products and infectious diseases. 
Wagner (1994) recently summarized the available 
experience of using oligodeoxynucleotides for this purpose 
and listed the criteria that should be rigorously applied in 
the evaluation of such experiments. Designed hammerhead 
ribozymes represent an alternative technology with even 
greater potential advantages. Hammerhead ribozymes are 
small RNA structures capable of cleaving an RNA taraet 
molecule in a catalytic fashion in the presence "of 



Mg 2+ (Pyle, 1993). They bear a resemblance to enzymes, 
and contain a catalytic motif made up of three base paired 
stems and a core of highly conserved, non-complementary 
nucleotides essential for catalysis (Cech and Uhlenbeck, 
1994). Their three-dimensional (3-D) structure and mode 
of action have recently been elucidated (Uhlenbeck, 1987; 
Pley et a/., 1994; Tuschl et a/„ 1994). Hammerhead 
ribozyme activity can be targeted to specific mRNAs by 
choosing the sequences flanking the catalytic motif. The 
two hammerhead ribozymes used here were designed to 
block expression of amelogenin, the major translation 
product during mammalian tooth enamel matrix synthesis, 
in mice. The enamel is a unique tissue due to its hardness, 
which reflects a high degree of mineralization. The mineral 
component is mainly hydroxy apatite (HAp) in the form 
of closely packed ultramicroscopic crystals, larger than 
those in other mineralized mammalian tissues (bone, 
dentin and dental cementum). The crystals are organized 
by differential orientation into a basic pattern of prisms 
(rods) and interprism (interred), which is common to 
all mammals. Amelogenins are the main product of 
ameloblasts (Termine et a/., 1980), the single layered, 
columnar epithelial cells lining the crown of the tooth 
anlage (Figure 1), and are expressed only in this organ 
(Chen et a/., 1994). Amelogenins are supposed to play 
a crucial role in mammalian enamel biomineralization, 
possibly by forming supramolecular structures that control 
the HAp crystal growth during enamel formation (Fincham 
et a/., 1994). The primary structure of amelogenin derived 
from cow. pig, rat, mouse and human demonstrates a high 
de gree of sequence homology between these species 
(Brooks et aL 1994). 
The murine amelogenin gene (AMEL) is located distally 




Rg. 1. Lingual view of right mandible of a newborn mouse showing 
incisor (I) and first <M,) and second (M>) molar tooth germs, M| 
where enamel formation has started, and M; where enamel formation 
is about to start (Conn. 1957: Gaunt. 1 964 MM, and M : depicted as if 
sectioned). From the tip of the cusps the ameloblasts (A) differentiate 
in the cervical direction to produce and mature enamel (Sasaki er aL 
1990). Needle position during injection is indicated. 
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in vivo effect of a synthetic ribozyme 
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Fig. 2. Autoradiograph of [ 35 S]methioninc labelled proteins from 
normal and ribozyme -treated first molar tooth buds from mandible of 
newborn mice. Lanes a and b contain proteins from tooth buds of 
untreated mice. Lanes c and d contain proteins from tooth buds 
isolated 4 h after injection of 25 ug of the AMEL ribozyme. Lanes e-l 
contain proteins from tooth buds isolated 4, 12, 24. 48 and 72 h after 
injection of 50 ug of the AMEL ribozyme. Each lane represents 
proteins from one half of a first molar tooth bud. The 22. 23. 25 and 
27 kDa proteins were identified as amelogenins by protein sequencing. 
The disappearance of amelogenins indicated a total arrest of their 
synthesis. All other protein bands appeared unaffected by the ribozyme 
injection and served as internal controls for the specificity of the 
AMEL hammerhead ribozyme. 

(0.73) on the X chromosome (Lau et a/., 1989) and its 
cDNA has been cloned (Snead et aL 1985). The AMEL 
gene gives rise to four different polypeptides (Figure 2) 
caused by differential splicing (Lau et aL, 1992). Here 
we report successful in vivo experiments with synthetic 
hammerhead ribozymes, achieving a specific 'restricted 
knock out' of the AMEL gene. By local injections (Figure 
1 ) of synthetic ribozyme constructions into newborn mice 
the major translation product of ameloblasts during the 
initial stage of enamel formation was eliminated. No 
carriers were required to assist uptake. The ribozyme 
effect was monitored both by direct measurement of target 
protein levels and by loss of biological function. A series 
of controls demonstrates that the blocking of AMEL 
expression was specific. Our experiments fulfill the criteria 
listed by Wagner (1994), and is the first reported study that 
clearly demonstrates the in vivo efficacy of synthesized, 
chemically modified hammerhead ribozymes. 

Results 

Effect of the AMEL hammerhead ribozymes 
N-terminal amino acid sequences of the 22. 23. 25 and 
27 kDa protein bands appearing on SDS-PAGE of molar 
tooth extracts were revealed by Edman degradation and 
cyanogen bromide cleavage (Hewick et aL % 1981). The 
protein bands were identified as AMEL proteins when 
compared with previously reported murine amelogenin 
protein sequences (Fincham et aL. 1991) and were in 
accordance with the cloned murine AMEL cDN A sequence 



(Snead et aL. 198: . <e half-life of amelogenins in 
molars of newborn mice was determined to be -210 min 
in initial pulse-chase experiments where cycioheximide 
(8 ug/g body weight) and cold methionine (200 ^g) were 
given 100 min after labelled methionine. Amelogenins 
were isolated and their content of [ J5 S)methionine deter- 
mined after 100, 200, 300 and 400 min. 

When compared with untreated siblings, all ribozyme- 
injected mice showed a marked decrease in the incorpora- 
tion of radiolabeled methionine into the amelogenin bands 
of molar tooth extracts from the injected side after 4 h. 
Doses of 25 ug ribozyme resulted in a nearly 90% decrease 
of [ 35 S]methionine in the amelogenin bands. At 50 ug per 
animal a complete arrest of amelogenin synthesis on the 
side of injection resulted (Figure 2). This complete arrest 
of AMEL gene expression lasted -24 h (Figure 3a). After 
3 days amelogenin synthesis was still nearly 50% inhibited. 
It took 90 h to restore its synthesis to the normal level 
(100%). After 100 h a brief overexpression (120%) of the 
AMEL gene was observed. Amelogenin synthesis was 
back to normal before 120 h and then stabilized at 
this level. 

To see what influence the 3' terminal phosphorothioate 
protection of the internucleotide linkages had on ribozyme 
function and stability, an AMEL hammerhead ribozyme 
not carrying this modification was applied. Except for a 
slightly higher and longer lasting efficacy and a slightly 
more rapid breakdown of the unsulfurized ribozyme, 
the two AMEL hammerhead ribozymes acted similarly 
(Figure 3b). 

Inhibition of amelogenin synthesis was observed in 
both the first and the second molar on the side of the 
injection. In the corresponding contralateral molars a 
reduction of labelled amelogenins of -25% was observed 
at 12 h. 

The AMEL hammerhead ribozymes had full activity 
against ail AMEL splice products as none of the four 
amelogenins appeared in the electrophoresis gels from 
teeth of ribozyme-treated mice (Figure 2). No other 
proteins in these gels were affected by the ribozyme 
injections. 

Effect of control injections 

Three control oligomers were also designed in order to 
isolate the ribozyme effects from other oligoribonucleotide 
effects. One control was an inactive version of the above 
chemically modified ribozymes in which 'G12* in the 
conserved hammerhead motif (Haseloff and Gerlach, 
1988) was replaced by an *A\ leading to loss of catalytic 
activity. The second control was a straight antisense 
o!iso(2'-0-allylribonucleotide) designed against the same 
AMEL mRNA region as the ribozymes and applied to 
distinguish between the ribozyme effect and an ordinary 
antisense effect. The third control was a randomized 
oligomer of 18 bases applied for detection of unspecified 
or^toxic actions of the synthetic ribozymes. A fourth 
control containing only 5 \i\ sterile saline was included to 
see whether the injection trauma itself influenced enamel 
formation. 

Injections with the mutated ribozyme gave an immediate 
inhibition of AMEL expression of >80% (Figure 3c). 
After 12 h, however, the inhibition was only 40%, and 
normal levels of amelogenin synthesis were restored within 
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U In contrast to earlier in vitro experiments with 
1 , e oQ^ ,,8 ? (2 -^ribonucleotide)* (Johansson 
fi o/.. 1994). the straight antisense oligoribonucleotide 
injections produced an effect much like that of the mutated 
nbozyme ; initially inhibiting AMEL expression by 80% 
(Figure 3d), after 12 h inhibition was only 30%. and 
normal amelogenin synthesis levels were restored before 
~* n. Random oligonucleotide injections or saline injec- 
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tions had essentially no influence on the monitored protein 
synthesis, and the quantity of incorporated [ 3J S)methionine 
in these animals did not differ significantly from that of 
their untreated siblings (Figure 3e and 0- 

Control injections of 5 uJ 0.5% Trypan Blue in saline 
were used to mark the area of diffusion of the injected 
fluid. The dye could easily be demonstrated in the 
mandibular molar tooth buds within 30 min after injection. 
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Fig. 4. SEM micrographs of mouse molar inner enamel abutting on dentin (D). (a and cl Normal control enamel with suucmre ™ <^ 
(Risnes, 1979a,b). <b and d. Corresponding regions of enamel affected by the AMEL hammerhead nbazymes. Pnsms P) of; djacen " 
oppositely oriented (unlabeled arrows., the interprism .IP* separates individual pnsms. The.affeeted enamel .s severely h yW™™^J™™ 
accumulation of organic matenal at the pnsm periphery -in lerprism and with no vi.sible HAp cry stals with.n cross-cut pnsm domains. Magnification 
bar, 5 urn. 



Scanning electron microscopy observations 
To look at the effect of the ribozyme on enamel formation, 
randomly selected mice injected with active ribozyme on 
day 1 after birth were sacrificed at 5 weeks of age. when 
their molar teeth were fully developed. Mice injected 
with the randomized oligonucleotide or saline only and 
untreated siblings were included as controls. The 
mandibular molars from these mice were prepared for 
scanning electron microscopy (SEMi (Risnes. 1985). 
Molars from ribozyme-treated mice revealed severely 
disturbed enamel with a pronounced hypomineralization 
and accumulation of onzanie material at the prism 



periphen -interprism. whereas cross-cut prisms appeared 
as empt'v holes with no visible HAp crystals present 
(Fisure 4>. The general design of the prism pattern and 
the" enamel thickness appeared unaffected. Molars from 
untreated, saline injected or random oligonucleotide- 
treated mice showed no such changes. Regions with 
normal enamel were also observed in teeth from ribozyme- 
treated animals. Second molars were more severely affec- 
ted than rirst molars. No differences were detected in 
eruption-time or macroscopic tooth morphology between 
ribozvme-ireaied. randomized oligonucleotide-treated, 
saline injected or untreated mice. 
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Discussion 

The AMEL hammerhead ribozyme motif (Haseloff and 
Gerlach, 1988) was flanked by two AMEL mRNA binding 
regions (6 and 7 bp, respectively), chosen to optimize the 
catalytic activity of the ribozyme without losing specificity 
(Goodchild and Kohli, 1991). Its target was the GUC 
sequence of the mouse AMEL gene in which the G is at 
base 86 of the mRNA (Snead et aL 1985). The proposed 
hammerhead ribozymes were chemically modified 
(Paolellaeva/., 1992; Sproate/a/., 1994) to contain mostly 
2'-0-aIlylribonucleotides and only five ribonucleotides 
required for catalysis, viz. G5, A6, G8, G12 and A 15, 
using the standard numbering system (Hertel et aL, 1992), 
so as to have long term stability in vivo. The allylation of 
U4 is essential to block RNase A attack at this position. 
In addition, one of the two otherwise identical AMEL 
hammerhead ribozymes, the mutated ribozyme and the 
antisense oligoribonucleotide, carried two sulfurized 
3'-proximal internucleotide linkages to reduce 3'-exo- 
nuclease attack further. 

Global 2'-0-allyIation of oligoribonucleotides confers 
nuclease resistance, chemical stability, in hybridization 
, high specificity for RNA over DNA and minimal non- 
specific binding (Iribarren et aL 1990; Lamond and 
Sproat, 1993), all of which are essential requirements for 
in vivo experiments. Cellular uptake may also be facilitated 
because of the increased hydrophobicity imparted by 2'-0~ 
allylation. 

The ribozymes used here totally inhibited expression 
of the AMEL gene in newborn mice without affecting 
normal functions of other genes. Apparently, no other 
proteins were affected by the ribozyme injections (Figure 
2), thus constituting a valuable internal control for the 
specificity -of the ribozymes. 

The fact that the control dye was detectable in the tooth 
buds within 30 min, the observed rapid loss of AMEL 
expression and the fact that amelogenins are produced 
within ameloblasts only (Chen etaL T994), provide strong 
evidence that the modified oligoribonucleotides effectively 
reach and penetrate these cells, as has been demonstrated 
for oligodeoxynucleotides when applied to cultured tooth 
organs (Diekwisch et al, 1993). 

The mutated ribozyme and the antisense oligoribo- 
nucleotide showed similar effects during the first 12 h. 
This suggests that the amelogenin-specific hybridizing 
arms of the mutated ribozyme make it act like an ordinary 
antisense oligoribonucleotide inhibiting amelogenin syn- 
thesis for a short period, possibly by temporary blockage 
of ribosome progression along mRNA and that the 
hammerhead motif itself does not affect the specific 
binding of its flanking regions to amelogenin mRNAs. 

Injections containing the randomized oligonucleotide 
had essentially no influence on AMEL expression (Figure 
3d), nor did they produce any structural defects in the 
mature enamel. This indicates that the observed ribozyme 
effect was not due to a non-specific or toxic influence of 
oligonucleotides on AMEL expression. Neither did mice 
injected with saline show any significant difference from 
their untreated siblings, indicating that the injections 
themselves did not affect protein synthesis or function in 
developing enamel. 

The slightly increased efficacy of the ribozyme not 



protected by 3' phospl. ,oate internucleotide linkages 
might reflect an enhancea cellular uptake of this oligomer. 
The apparent slightly more rapid cessation of its effect 
may be due to a more rapid breakdown caused by an 
increased sensitivity to 3'-exonuclease attack on this 
ribozyme. 

The difference in occurrence of enamel defects among 
first and second molars reflects the different developmental 
stages of these teeth at the time of ribozyme injection. 
The fact that the second molar was more severely affected 
than the first molar indicates that amelogenin plays a key 
role at a very early stage in enamel development and may 
be less important at later stages. Areas with normal enamel 
formation within each affected tooth represent early (occlu- 
sal) and late (cervical) enamel matrix synthesis unaffected 
by the time-limited ribozyme effect applied here. 

Designed hammerhead ribozymes are promising agents 
for blocking specific gene expression. Chemical modifica- 
tions enhance their stability, potency and ability to enter 
cells. As the 3-D structures of the hammerhead motifs are 
revealed, even more effective ribozymes can be developed. 
The tooth model lends itself nicely to the study of ribozyme 
function in vivo since the biological consequences of the 
ribozyme effect are permanently displayed in the mature 
enamel. We report the first demonstration of in vivo 
efficacy of synthesized, chemically modified ribozymes. 
Only a few cases of specific gene inhibition caused 
by antisense oligodeoxynucleotides have been rigorously 
demonstrated in cultured cells before (Wagner, 1994). Our 
experiments clearly illustrate the advantages of combining 
the catalytic activity of a hammerhead motif with the 
specificity of antisense oligomers in a chemically modified 
oligoribonucleotide to obtain both enhanced and prolonged 
specific blocking of gene expression in vivo. The strategy 
used in this model could be highly effective in achieving 
both timed and localized 'knock-outs' of important gene 
products in vivo, and suggests new possibilities for suppres- 
sion of gene expression for research and therapeutic 
purposes. 

Materials and methods 

Oligoribonucleotide synthesis 

The AMEL hammerhead ribozyme <5'-UGUUGACUeaUgAGGCC- 
GUUAGGCCgA AaCAGCP5AP.SC ). the unsulfurized ribozyme <5'- 
UGUUGACUgaUgAGGCCGUUAGGC CgAAaCAGCAC). the mutated 
ribozyme (S'- UGUUGA CUgaUgAGGCCGUUAGGCCaAA aCAGCP- 
5AP5C). the straight antisense oIigo(2'-0-aIIylribonucleotide)<5^JJGU- 
UGAGAC AGCPSAPSC ) and the 18mer randomized oligonucleotide 
(scrambled, unmodified) were synthesized on solid-phase using phos- 
phoramidiie chemistry (capital letters are 2'-0-aIlylribonucleotides and 
lower case letters are ribonucleotides, phosphorothioate protected intern- 
ucleotide linkages are denoted PS, underlined sequences are complement- 
ary to the AMEL target sequence). The ribonucleotides carried standard 
2'-0-/tf/?-butyIdimethylsilyl protection, which was subsequently removed 
by treatment of the partially deprotected oligomer with neat triethylamine 
trihydrofluoride (Gasparutto et aL 1992). The oligonucleotides were 
purified by HPLC before injection. . " 

Experimental design 

Oligoribonucleotides were dissolved in sterile saline to a finaJ concentra- 
tion of 10 ng/ul each, and 50 ug of each delivered by submandibular 
injection into live newborn BAL8/C (albino) mice without addition of 
liposomes or other vehicles to enhance cellular uptake. On the first day 
after binh each animal received an injection of ribozyme or control 
oligonucleotides on the Ungual side of the right mandibular molar area. 
Other controls received 5 ul saline. A reference group of untreated 
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siblings of the experimental animals was inclu*.— *o monitor the normal 
AMEL expression in these mice. 

Injections of 5 jjiI 0.5% Trypan Blue in saline were used to- mark the 
area of diffusion. Alt injections were carried out using a Hamilton 
syringe with a 0.3 mm needle at the rate of -I ul/s. At 0. 8. 20. 32, 44. 
68. 86. 92. 96. 1 16 or 140 h after the mandibular injections experimental 
animals and a reference group received a 4 h pulse of 20 uCi 
|* 5 S]mcthionine (Amersham) given i.p. The mice were then sacrificed 
and their mandibular molar tooth buds were dissected out. Each tooth 
bud was rinsed in sterile saline and boiled in 50 (il 2x SDS-PAGE 
sample buffer (0.4 g SDS. 1.0 g 2-mercaptoethanol. 0.02 g bromophenol 
blue and 4.4 g glycerol in 10 mLO.125 M Tris-HCI. pH 6.8) for 5 min. 
Half of each sample was then submitted to electrophoresis on 12% 
SDS-polyacrylamide gels at 80 mA overnight. The gels were dried and 
placed in a Phosphorlmager (Molecular Dynamics) to detect radioactive 
methionine incorporated into the proteins present. Subsequently, the gels 
were submitted to ordinary autoradiography for 30 days as a visual 
control. Proteins in the other half of each sample were precipitated with 
0.6 N perchloric acid (PCA) and the supernatant was cleared by 
centrifugation. The free radiolabeled methionine in the supernatant was 
measured in a Packard Tricarb Scintillation counter and used to normalize 
the values from the Phosphorlmager so that individual differences in the 
availability of radiolabeled methionine were adjusted for. 

Scanning electron microscopy 

Randomly selected mice injected once with the AMEL hammerhead 
ribozyme on day 1 after birth were sacrificed at 5 weeks of age. when 
their molar teeth were fully developed and erupted. Mice injected with 
the randomized 18mer oligonucleotide and with saline only, and untreated 
siblings were included as controls. The mandibular molars from these 
mice were dissected out. taking care not to damage enamel structures, 
and prepared for scanning electron microscopy (SEM) by sectioning and 
grinding (Risnes. 1985). etching three times for 10 s in 0.1% nitric acid 
and sputter-coating with gold-palladium. A Phillips 515 SEM was 
operated at 15 kV. 

Protein sequencing 

Ameiogenin protein bands separated by SDS-PAGE were transferred 
onto a poly(vinylidene di fluoride) membrane by the semi-dry 'sandwich 1 
electroblotting technique (Matsudaira. 1 987). The membrane was stained 
with Coomassie Blue and the four ameiogenin bands cut out. separated 
and submitted to Edman degradation and in situ cyanogen bromide 
cleavage (He wick et at, 1981). 

N-terminal amino acid sequences were analyzed with an Applied 
Biosystems 477A instrument coupled to a 120A analyzer. After a 
sufficient number of Edman degradation cycles, the remaining filter- 
bound polypeptides were cleaved in situ with CNBr. The filters with the 
adhering polypeptides were placed in Eppendorf tubes. 30 \i\ CNBr 
solution (0.2 g/ml 70% formic acid) was applied to the filters, and an 
extra 30 \i\ was placed in the bottom of each tube, below the filters, to 
keep them moist. Nitrogen gas was introduced, after which the tubes 
were sealed and incubated for 24 h in the dark. Following this treatment, 
the filters were dried under vacuum and reapplied to the sequencer. 
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Summary 



Expression of the proto-oncogene c-myb is necessary for proliferation of vascular smooth 
muscle cells. We have developed synthetic hammerhead ribozymes that recognize and cleave c- 
myb, thereby inhibiting cell proliferation. Herein, we describe a systematic method for the 
selection of hammerhead ribozyme cleavage sites, and optimization of chemical modifications that 
maximize cell efficacy. In vitro assays were used to determine the relative accessibility of the 
ribozyme target sites for binding and cleavage. Several ribozymes thus identified showed efficacy 
in inhibiting smooth muscle cell proliferation relative to catalytically inactive controls. One 
ribozyme was selected for further characterization. A combination of modifications including 
several phosphorothioate linkages at the 5'-end of the ribozyme and an extensively modified 
catalytic core resulted in substantially increased cell efficacy. A variety of different 2* 
modifications at positions U4 and U7 that confer nuclease resistance gave comparable levels of cell 
efficacy. These synthetic ribozymes have potential as therapeutics for hyperproliferative disorders 
such as restenosis and cancer. 
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Introduction 



Since the discovery that certain naturally-occuring RNA motifs were capable of 
catalytically cleaving other RNAs in a sequence-specific manner, extensive studies have defined 
the sequence and structural characteristics that control the in vitro specificity and kinetics of these 
RNA enzymes or ribozymes [Cech, 1992 #19] [Symons, 1994 #124] [Tuschl, 1995 #166] 
[Usman, 1995 #126]. Ribozymes have a broad range of potential in vivo applications. These 
include the use of ribozymes as research tools for probing molecular mechanisms, the use of 
ribozymes to genetically engineer crops, and the use of ribozymes as therapeutics for human or 
animal diseases. Each of these applications requires that a ribozyme function efficiently within the 
intracellular environment. The sequence and structural features that promote potent intracellular 
activity of ribozymes are currently under study. 

Several factors are likely to contribute to the intracellular efficacy of a ribozyme. A 
ribozyme must co-localize with its molecular target in the appropriate cellular compartment, and 
must be present at sufficiently high concentration to promote hybridization. In addition, its 
catalytic cleavage rate must be fast enough and its half-life must be long enough to allow cleavage 
of a substantial fraction of the target mRNA population. Finally, the cleavage site in the target 
mRNA must be accessible to ribozyme binding. When the ribozyme is made synthetically, a 
variety of modifications can be introduced to increase its half-life within the cell, to change its 
target sequence binding affinity, and possibly also to alter its intracellular trafficking properties. In 
this study, we have used chemically synthesized hammerhead ribozymes targeting the proto- 
oncogene c-myb to study different chemical modifications and sequence changes that affect cell 
efficacy. Expression of c-myb is necessary for cell-cycle progression in vascular smooth muscle 
cells [Kindy, 1986 #17] [Brown, 1992 #16]. Therefore, we have used proliferation of rat aortic 
smooth muscle cells as a measure of the efficacy of the ribozymes targeting c-myb. 

Unmodified RNA is subject to rapid nuclease degradation upon exogenous delivery to cells 
or tissues. For example, the half-life of an all RNA hammerhead ribozyme in human serum is 
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less than 0. 1 minute [Beigelman, 1995 #127], In the literature there are several reports of 
exogenously delivered synthetic ribozymes showing efficacy in cell culture [Snyder, 1993 #118] 
[Lange, 1993 #1 14] [Kiehntopf, 1994 #1 19] [Sioud, 1994 #143]. Often these studies have utilized 
DNA/RNA chimeric ribozymes to enhance resistance to exonucleases, leaving large regions of 
unmodified RNA susceptible to endonucleolytic degradation. Extensive modification of the 
hammerhead ribozyme motif can give dramatic enhancement of the ribozyme half-life in 
biological fluids [Beigelman, 1995 #127] [Flory, 1996 #159]. Modifications of this type have 
been demonstrated to give efficacy in vivo [Lyngstadaas, 1995 #162] [Flory, 1996 #159]. 

Here we report on a systematic method for determining accessible ribozyme target sites, 
and for determining the optimal hammerhead ribozyme arm length required for cell efficacy. In 
addition, we explore the effect of chemical modifications such as those reported by Beigelman et 
al. [Beigelman, 1995 #127] on cell efficacy, using a smooth muscle proliferation assay as the 
primary endpoint. The result is a c-myb ribozyme that, when delivered exogenously to cells, results 
in substantial and reproducible inhibition of smooth muscle cell proliferation. The inactive 
ribozyme control has no effect, suggesting that the inhibition by active ribozyme is mediated by 
cleavage of the target RNA. 
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Materials and Methods 



Ribozyme synthesis and sequences- Ribozymes were synthesized and purified as described 
[Wincott, 1995 #107] [Beigelman, 1995 #171] [Beigelman, 1995 #170]. The sequences and 
modifications of all of the active ribozymes used in this study are shown in Figure 1. The cleavage 
site numbering is based on the human DNA sequence numbering (Genbank accession number 
X52125; transciption starts at nucleotide 198). The inactive ribozymes contain identical binding 
arms and chemical modifications except that positions G5 and A 14 in the catalytic core were 
changed to 2-0-methyl uridine, thereby eliminating catalytic activity. The catalytic cleavage activity 
of all of the ribozymes was confirmed on a matched short substrate by standard methods; inactive 
ribozymes did not show detectable cleavage activity (data not shown). 

Template RNA Transcription- A murine c-myb cDNA clone was obtained from Dr. Premkumar 
Reddy. Full length c-myb RNA was prepared by T7 transcription. Reactions contained 40 mM 
Tris pH 8.3, 10 mM MgCl2,10 mM NaCl, 10 mM DTT 1 , 4 mM spermidine, 250 fiM each rATP, 
rGTP and rUTP, and 50 |iM rCTP, 40 U RNase inhibitor (Boeghringer Mannheim), 80 |iCi of a- 
CTP (40 jiCi/^iL; NEN) and 20 units of T7 Polymerase (United States Biochemical Corporation) 
in a volume of 20 ^1 and were incubated at 37 °C for two hours. The resulting internally-labeled 
transcripts were purified over a G50 spin column (Pharmacia). 

In Vitro RNAse H Cleavage and Ribozyme Cleavage Reactions- Fifteen nucleotide long antisense 
DNA oligonucleotides were designed to anneal to potential hammerhead ribozyme binding sites in 
murine c-myb. 4 to 10 ng of internally-labelled murine c-myb transcript was incubated with 10 |llM 
oligonucleotide plus 0.8 U RNAse H (Gibco BRL) in 20 mM Tris pH 7.9, 100 mM KC1, 10 mM 
MgCl2, 0. 1 mM EDTA, 0. 1 mM DTT) at 37 °C for 60 minutes For the ribozyme cleavage assay, 
1.0 jiM Rz was incubated with 4 to 10 ng internally-labelled substrate in 75 mM Tris pH 8.0 and 
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10 mM MgCl2 at 37 °C for 1 hour. Reactions were stopped by addition of formamide gel-loading 
buffer (95% formamide, 0.1% bromophenol blue, 0.1% xylene cyanol, 20 mM EDTA) and 
electrophoresed on a 6% denaturing acrylamide gel. Gels were dried and quantified on a 
phosphorimager. 

Cell culture- Rat aortic smooth muscle cells (RASMC) were isolated from aortic tissue explants 
from 69-84 day-old female Sprague-Dawley rats (Harlan Sprague Dawley, Inc.) and assayed 
through passage six. RASMC were grown in DMEM supplemented with non-essential amino 
acids (0.1 mM of each amino acid), 0.1 mM sodium pyruvate, 100 U/ml penicillin, 100 fig/ml 
streptomycin, 2 mM L-glutamine, 20 mM Hepes (all from BioWhittaker) and 10% FBS (Hyclone 
Laboratories, Inc.). 

Proliferation Assay;- Cells were plated in growth medium in 24- well plates at 5xl0 3 cells per well. 
After 24 hours, the medium was removed, cells were washed once with Dulbecco's phosphate 
buffered saline (DPBS) with Ca 2+ /Mg 2+ , and refed with starvation medium. Starvation medium 
is the same as growth medium except the concentration of FBS was reduced to 0.5% FBS . Cells 
were starved for 48-72 hours before ribozyme treatment. Ribozymes were diluted in serum-free 
DMEM with additives as above excluding antibiotics. LipofectAMINE (Gibco-BRL) was added 
to a final concentration of 3.6 |iM DOSPA (= 7.2 [ig/ml LipofectAMINE). Lipid/ribozyme 
mixtures were vortexed, incubated for 15 minutes at 37 °C and then added to cells which had been 
washed twice with DPBS with Ca 2 +/Mg 2 +. Cells were incubated with the lipid/ribozyme 
complexes at 37 °C for 2-4 hours, complexes were aspirated and cells were stimulated by the 
addition of growth medium. Control wells were treated with lipid only and stimulated with growth 
medium containing either 10% FBS or 0% FBS. All conditions were run in duplicate. At the time 
of stimulation, 10 jiM BrdU (Sigma) was added. Cells were incubated for 20-24 hours, at which 
point the cells were fixed by the addition of cold 100% methanol plus 0.3% hydrogen peroxide for 
30 minutes at 4 °C. The following reagents were used at room temperature to stain the BrdU 
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containing nuclei, with two DPBS washes between each step. 1) 2 M HC1 for 20 minutes. 2) 1% 
horse serum in DPBS for 30 minutes. 3) anti-BrdU monoclonal antibody (Becton-Dickinson) 
diluted 1:200 in DPBS with 1% BSA and 0.5% Tween 20 for 1 hour. 4) biotinylated horse anti- 
mouse IgG in DPBS for 30 minutes. 5) ABC reagent (Pierce mouse IgG kit) in DPBS for 40 
minutes. 6) DAB substrate (Pierce) DAB buffer for 7 minutes. 7) hematoxylin (Fisher) diluted 
1:1 with distilled water for 1 minute. A minimum of 400 cells per well were counted under the 
microscope and the percent of proliferating cells (BrdU-stained nuclei/total nuclei) was determined. 
Unless otherwise indicated, each experiment was performed two or three times, and a 
representative experiment is presented. Calculation of % inhibition (Avsl) 
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Results 



Target site selection strategy- Hammerhead ribozymes can recognize and cleave RNA 
sequences containing U followed by either A, C or U. This consensus sequence occurs very 
frequently; the murine c-myb mRNA contains nearly 500 potential hammerhead ribozyme 
cleavage sites. We wished to develop a systematic method of selecting sites that were amenable to 
ribozyme-mediated cleavage in vivo. Several criterion must be considered in selecting sites for 
optimal cleavage. First, the site must be accessible to ribozyme binding. In the intracellular 
milieu, different cleavage sites are likely to vary significantly in their accessibility to ribozyme 
binding. Site accessibility is probably determined by both secondary structure in the mRNA and 
regions of protein binding. In addition, the ribozyme itself must fold into the correct conformation 
required for binding and cleaving its substrate. Sequences in the substrate binding arms of the 
ribozyme can affect its propensity to fold correctly and cleave its target [Fedor, 1990 #167]. 

Hammerhead ribozyme cleavage sites having a high degree of homology between human 
[Majello, 1986 #59] and murine [Gonda, 1985 #163] c-myb sequences. Using a computer 
folding algorithm, we eliminated from consideration ribozymes that showed a high probability of 
forming undesirable intramolecular secondary structure[Christoffersen, 1994 #168]. Twenty- 
seven sites were selected for testing in an oligonucleotide binding assay. We designed DNA 
oligonucleotides spanning the cleavage sites, annealed these to a full length in vitro transcript of 
murine c-myb, and incubated in the presence of RNAse H. This enzyme recognizes DNA/RNA 
hybrids and cleaves the RNA transcript at the site of hybridization. Sites that are single-stranded 
and thus readily accessible to oligonucleotide binding are expected to show high levels of cleavage 
in this assay. Although the structure of the in vitro transcript may not mimic exactly the structure 
of the RNA in the cell, we hoped that this approach would at least allow us to identify and avoid 
regions of prominent local structure. The ribozyme structures are shown in Figure 1 and the 
results are shown in Figure 2. 
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Ribozymes targeting the most accessible sites, as determined by the RNAse H assay, were 
synthesized and tested for their ability to cleave the in vitro transcript under ribozyme excess 
(single turnover) conditions (Figure 2). In general, the sites that were accessible to oligonucleotide 
binding in the RNAse H assay are also susceptible to efficient cleavage by ribozymes. There were 
a few exceptions, such as sites 839 and 1363 in which the ribozyme cleavage is relatively 
inefficient. Several candidate ribozymes, indicated by the arrows, were selected for testing in cell 
culture. 

Two regions of rat c-myb cDNA, encompassing the sites of interest, were sequenced (T. 
Jarvis, unpublished experiments). A single nucleotide difference between rat and murine c-myb 
was found in the 575 site; the other four sites were conserved. Active and inactive forms of the 
ribozymes targeting the five sites within rat c-myb were synthesized with an unmodified RNA 
catalytic core and five 2-O-methyl residues in each binding arm. The inactive ribozymes 
contained two nucleotide changes in the catalytic core that eliminate cleavage activity. The effect of 
the ribozymes on proliferation of rat aortic smooth muscle cells (RASMC) was assessed (data not 
shown). Although four of the five active ribozymes did show statistically significant inhibition of 
proliferation, the degree of inhibition was relatively low (approximately 15-30% inhibition by the 
active ribozyme compared to the inactive ribozyme control). Poor performance in cell culture 
could be the result of rapid intracellular degradation. Beigelman et al. have reported extensive 
modifications designed to enhance the nuclease-resistance of hammerhead ribozymes while 
retaining catalytic activity [Beigelman, 1995 #127]. We decided to test such modifications, 
focusing on the ribozyme targeting site 575. 

Effect of backbone and 2 * sugar modifications on cell culture efficacy- Figure 3 shows the 
site 575 with and without a nuclease-stable core, and with and without phosphorothioate linkages 
in the binding arms. Active ribozymes with both a "stabilized" core and phosphorothioate linkages 
consistently gave enhanced inhibition of smooth muscle cell proliferation. For both the U4 2'-C- 
allyl and the U4,U7 2-amino variants, there was significantly greater inhibition by the active 
ribozyme compared to the inactive control, suggesting that the inhibitory effect was mediated by 
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ribozyme cleavage of c-myb RNA. The inactive U4 2-C-allyl ribozyme control showed no 
inhibition. The inactive U4,U7 2-amino ribozyme did show some inhibition, although much less 
than its active counterpart. 

Comparison of 5* -end versus 3 '-end modifications- The results in Figure 3 indicate that 
both a nuclease-resistant core and phosphorothioate linkages in the binding arms are necessary for 
significant cell culture efficacy. Since phosphorothioate linkages are associated with some degree 
of cytotoxicity and non-specific effects [Sarmiento, 1994 #161] [Uhlmann, 1990 #160], we 
wished to determine the minimum number of phosphorothioates sufficient for cell efficacy. 
Figure 4A shows a comparison of ribozymes containing either 5 phosphorothioate linkages at the 
5'-end, or 5 phosphorothioate linkages at the 3-end, or 5 phosphorothioate linkages at both the 5'- 
and 3-ends. The ribozyme containing phosphorothioates only at the 3'-end showed no efficacy, 
while the ribozyme containing phosphorothioates at the 5'-end showed equivalent efficacy to that 
containing phosphorothioates at both the 5'- and 3-ends. In this experiment, the inactive ribozyme 
showed some inhibition relative to the vehicle-treated control. A ribozyme with scrambled 
sequence binding arms exhibited an equivalent degree of inhibition, indicating that this effect was 
not mediated by ribozyme binding, but was truly a "non-specific" effect on proliferation. Next, we 
compared ribozymes with varying numbers of phosphorothioates at the 5 '-end (Figure 4B,C). The 
degree of efficacy gradually decreased as the number of phosphorothioate linkages was reduced. 
From these experiments we concluded that a minimum of four to five phosphorothioate linkages 
at the 5'-end is necessary to maintain optimal efficacy. 

The ribozymes used in this study contained either 3* -phosphorothioate linkages, or a 3'-3' 
"inverted thymidine" modification [Seliger, 1994 #164] to protect against 3'-exonuclease activity. 
We have subsequently shown that the outcome of this assay is not particularly sensitive to the 
presence or absence of this 3-protecting group. C-myb ribozymes containing various protecting 
groups including a 3'-3' inverted thymidine, a 3'-3' inverted abasic residue, a 3 - butanediol or no 3' 
protecting group at all showed equivalent efficacy in inhibiting smooth muscle cell proliferation 
(data not shown). 
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Optimization of binding arm length- Ribozymes targeting c-myb site 575 were 
synthesized with arm lengths ranging from five to twelve nucleotides. The effects of these 
ribozymes on cell proliferation is shown in Figure 5. The data are presented as specific inhibition 
by active versus inactive ribozyme. The optimal arm length was six to seven nucleotides. We 
confirmed in five separate experiments that there was no significant difference in efficacy between 
the 6/6 and 7/7 arm ribozymes (data not shown). We also tested ribozymes with asymmetric arm 
lengths (Steml/Stemlll with 5/10 or 10/5 nucleotides). Both asymmetric variants performed 
similarly to the 7/7 symmetric ribozyme (data not shown). The symmetric ribozyme containing 
seven nucleotide binding arms (#2972) was used as a standard for comparison in the experiments 
that follow. 

Effect of 2' -sugar and base modifications- Beigelman et al. [Beigelman, 1995 #127] 
[Beigelman, 1995 #170] [Beigelman, 1995 #171] have developed a broad spectrum of different 
modifications in the catalytic core of hammerhead ribozymes that enhance resistance to nuclease 
degradation while preserving significant catalytic activity. Differences in intracellular stability, 
cleavage rate and localization properties conferred by these modifications could contribute to the 
overall cell culture efficacy of the ribozyme. We tested several of these modifications, as shown in 
Figure 6. The data is presented as the specific inhibition (active versus, inactive) of each ribozyme 
normalized to the specific inhibition of the U4 2-C-allyl ribozyme (#2972). Surprisingly, there 
was relatively little difference in the cell efficacy exhibited by each of the modified ribozymes. 
Experiments performed at lower doses supported the conclusion that none of the variants differed 
by more than two-fold in the dose required to achieve 50% inhibition (data not shown). Some 
modifications did result in higher levels of non-specific inhibition. For example, inactive 
ribozymes with the U4,U7 amino modification consistently showed greater inhibition than inactive 
ribozymes containing any of the other modifications. Although the majority of experiments of 
performed with this ribozyme chemistry showed greater inhibition by the active version compared 
to the inactive, we have occasionally observed that the inactive ribozyme inhibition is equal to that 
of the active [Draper, 1996 #169]. 
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Discussion 



Using a systematic site selection strategy, we have identified c-myk ribozymes that inhibit 
cell proliferation when delivered exogenously to cultured vascular smooth muscle cells. The 
inhibition is mediated by ribozymes containing a catalytically active core, while inactive controls 
fail to inhibit. The degree of inhibition observed can be affected profoundly by both backbone and 
2-sugar modifications. The optimal ribozyme configuration for inhibition of cell proliferation in 
this system consists of four phosphorothioate linkages at the 5'-end, six or seven nucleotide 
binding arms, 30 ^-O-methyl residues, and any of a variety of 2-sugar or base modifications at 
positions U4 and U7. 

The results in Figures 3 and 4 clearly demonstrate the requirement for both a "stabilized" 
core and several 5-phosphorothioate linkages in order to achieve significant ribozyme-mediated 
inhibition of smooth muscle cell proliferation. Beigelman et al. [Beigelman, 1995 #127] have 
shown that the U4-C-allyl and the U4,U7-amino ribozyme motifs increase the serum half-life of 
the ribozyme > 16,000-fold relative to an all RNA ribozyme. Addition of 5-phosphorothioate 
linkages increase the resistance to 5-exonuclease activity [Draper, 1996 #169]. Thus, the enhanced 
cell efficacy observed with the combination of these two types of modifications could be attributed 
solely to enhanced resistance to both endonucleases and exonucleases. We cannot rule out the 
possibility that the phosphorothioate moieties are advantageous for some additional reason, such as 
conferring altered intracellular localization or trafficking properties. LipofectAMINE delivery 
results in virtually 100% of the cells taking up ribozyme, with a fairly homogeneous distribution 
within the population, as demonstrated by flow cytometry using a fluorescently-labeled ribozyme 
(data not shown). In addition, uptake studies using radioactive ribozymes show that the sheer 
number of ribozymes delivered to each cell exceeds the c-myb mRNA copy number by many 
orders of magnitude (data not shown). Therefore, a very small percentage of the ribozyme that is 
taken up could represent the n bioactive ,, fraction responsible for the observed efficacy. Although 
ribozyme intracellular localization can be studied using confocal microscopy, or by careful 
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fractionation, it is difficult to establish a meaningful correlation between cell efficacy and the 
observed localization of the bulk population. 

The optimal hammerhead ribozyme binding arm-length for intracellular activity may be a 
function of the thermodynamic stability of the duplex formed upon substrate binding-, the kinetics 
of substrate binding and release, or of competing intramolecular ribozyme structures that can 
compromise substrate binding or conformation of the catalytic core. We have found that there is a 
distinct arm-length optimum of six or seven nucleotides in each arm for the ribozyme targeting c- 
myb site 575. Depending on the sequence of the binding arms, the optimal arm-length could vary 
for ribozymes targeting different sites. 

We have shown that a variety of different types of modifications at positions U4 and U7 
can be tolerated while preserving a similar level of cell efficacy. The in vitro catalytic cleavage 
activities of the ribozymes were determined in single turnover assays on short substrates (data not 
shown). Although the ribozymes shown in Figure 6 are all catalytically active, the kinetics of 
substrate cleavage varies. For example, the cleavage rate for the U4,U7-amino c~myb site 575 
ribozyme is at least ten-fold higher than that of either the U4-C-allyl or the U4 6-rnethyl-U 
ribozymes. Despite the lower cleavage activity, both the U4-C-allyl and the U4 6-methyl-U 
ribozymes perform as well or better than the U4,U7-amino ribozyme in inhibiting cell 
proliferation. Thus, there does not appear to be a strict correlation between the kobs measured in 
vitro and the level of efficacy measured in cell culture in this system. This may indicate that some 
other step besides cleavage is rate limiting in the cell culture assay. Alternatively, the buffer 
conditions used for the in vitro cleavage assays may exacerbate differences between ribozymes that 
are less significant within the intracellular milieu. 

The modified ribozymes used in this study show potential in specifically inhibiting cell . 
proliferation. The combination of efficacy and resistance to nucleolytic degradation suggests that 
these ribozymes could have therapeutic utility in treating diseases resulting from inappropriate 
overexpression of c-myb. There are several disease conditions in which the disease pathology 
correlates with upregulation of c-myb. For example, in restenosis, vascular smooth muscle cells 
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hyperproliferate to form a neoinitima following coronary angioplasty, causing re-occlusion of 
arteries in 30-40% of patients [Landau, 1994 #155] [Jackson, 1992 #139] [Forrester, 1991 #154]. 
In the rat carotid artery model of restenosis, antisense DNA oligonucleotides targeting c-myb 
inhibit neointimal formation following balloon injury [Simons, 1992 #18]. In addition, c-myb has 
been implicated in the pathology of various cancers including melanoma [Hijiya, 1994 #1 10], 
leukemia [Ratajczak, 1992 #54], lymphosarcoma and colon carcinoma [Melani, 1991 #50]. We 
are continuing to explore new types of ribozyme modifications, as well as a variety of different 
formulations that can potentially enhance ribozyme delivery, efficacy and residence time in cells 
and tissues. 

Acknowledgements- 

We would like to thank Karyn Bouhana for assistance in isolating the primary smooth muscle 
cells, and Dr. Bharat Chowrira for critical reading of the manuscript. 

References 
Figure Legends 

FIG. 1 . Sequence and structure of synthetic ribozymes used. 

The ribozymes used in this study are uniquely identified in the figure legends and text using the 
code number in the left column. The alias given in the second column is intended to highlight the 
salient modification or feature being compared. The last column gives the sequence and chemistry, 
using the following nomenclature: plain lowercase indicates 2-O-methyl nucleotides, uppercase 
indicates 2-hydroxyl (ribo) nucleotides, subscript s indicates phosphorothioate linkages (all other 
backbone linkages are phosphodiester), T indicates 3-3' deoxythymidine, U at position U4 or U7 
indicates either 2-C-allyl uridine, 2 , -amino uridine, 2-fluoro uridine, 2'-hydroxyl 6-methyl uridine, 
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2-deoxyabasic ribose, as indicated in the legend. Inactive versions are not shown; they are 
identical to the active ribozymes except that positions G5 and A 14 have been changed to 2-0- 
methyl uridine. (*) Certain ribozymes used in more than one figure (e.g., 2972) may be listed 
with a different alias depending on the relevant comparison being made in each figure. 

FIG. 2. Accessibility to binding and cleavage in vitro. 

DNA oligonucleotides corresponding to each ribozyme binding site were annealed to a full-length 
in vitro transcript of murine c^myb, and mixed with RNAse H as described in Materials and 
Methods. Ribozymes targeting sites that appeared to be accessible to oligonucleotide binding were 
synthesized and the cleavage activity against in vitro transcript was assessed. Data are expressed 
as percent of the full length transcript cleaved during a one hour assay. (*) indicates ribozymes 
that were selected for cell efficacy studies. 
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FIG. 3. Cell efficacy of stabilized ribozymes. 

. Ribozymes targeting c-myb site 575 were complexed with LipofectAMINE and delivered to rat 
aortic smooth muscle cells at a 100 nM dose. Cell proliferation was measured as described in 
Materials and Methods. Active and inactive versions of several different chemical modifications 
were tested. "2'-0-Me" indicates an RNA core with five 2-O-methyl residues at the 5'- and 3'- 
ends (# 2360). "2'-0-Me P=S" indicates an RNA core with five 2'-0-methyl phosphorothioate 
residues at the 5'- and 3'-ends (#2557). "U4 C-allyl" and "U4 C-allyl P=S" indicate U4 2'-C-allyl 
"stabilized" cores without and with phosphorothioate linkages at the 5'- and 3'-ends (#2321, 
#2550, respectively). "U4,7 NH 2 " and "U4,7 NH 2 P=S" indicate U4 and U7 2'-amino 
"stabilized" cores without and with phosphorothioate linkages at the 5'- and 3'-ends (#2320, 
#2547, respectively). Data are expressed as proliferation relative to the serum-stimulated control. 
Relative proliferation is calculated as follows: (%proliferation with ribozyme - %basal 
proliferation) + (^proliferation with serum - %basal proliferation) x 100; error bars represent the 
range of duplicate wells. 

FIG. 4. Optimization of phosphorothioate content. 

Ribozymes targeting c-myb site 575 were complexed with LipofectAMINE and delivered to rat 
aortic smooth muscle cells at a 50 nM dose. Each of the ribozymes contained the U4 2'-C-allyl 
"stabilized" core and varying amounts of phosphorothioate. Active and inactive versions of the 
ribozymes were tested. A. "10 P=S" has five phosphorothioates at both the 5'- and 3'-ehds 
(#2550); "5' P=S" has five phosphorothioates the 5' -end only (#2826); "3' P=S" has five 
phosphorothioates the 3' -end only (RPI#2828). B. A series of ribozymes containing decreasing 
number of 5 '-phosphorothioate linkages were compared. 5 P=S (#2826), 4 P=S (#2972), 3 P=S 
(#2974), 2 P=S (#2976), or 1 P=S (#2978). C. Another experiment comparing "10 P=S" 
(#2550), "5 P=S" (#2826), or "4 P=S" (#2972). The results are expressed as proliferation relative 
to the serum-stimulated control as described in Fig. 3; error bars represent the range of duplicate 
wells. 
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FIG. 5. Cell efficacy with varying length binding arms. 

Active and inactive versions of ribozymes targeting c-myb site 575 were synthesized with different 
length binding arms, complexed with LipofectAMINE and delivered to rat aortic smooth muscle 
cells at 50 nM and 100 nM as shown: 5/5 (#3862), 6/6 (#3206), 7/7 (#2972), 8/8 (#3212), 10/10 
(#3210), 12/12 (#3208). Data are presented as specific inhibition by active ribozyme relative to 
inactive ribozyme. Specific inhibition is calculated as follows: (%proliferation with active 
ribozyme - %basal proliferation) + (%proliferation with inactive ribozyme - %basal proliferation) x 
100. Error bars represent the standard error of three to five separate assays. 

FIG. 6. Effects of alternative core modifications. 

Active and inactive versions of ribozymes targeting c-myb site 575 were complexed with 
LipofectAMINE and delivered to rat aortic smooth muscle cells at a 100 nM dose. Different 
modifications at positions U4 and U7 were compared: U4 2'-C-allyl (#2972); U4,U7 2'-C-allyl 
(#3257); U7 2'-C-allyl (#3259); U4,U7 2'-amino (#3267); U4 2'-fluoro (#3269); U4 6-methyl U 
(#3331); U4 deoxyabasic (#3083). All of the ribozymes contained seven nucleotide binding arms 
and four phosphorothioate linkages at the 5'-end. Ribozyme #2972 (U4 2-C-allyl) was used as a 
standard of comparison; the specific inhibition of #2972 relative to its inactive counterpart was 
calculated as described in Fig. 5, and adjusted to 100%. Inhibition by each of the other modified 
ribozymes was normalized relative to that of #2972. The average inhibition from two to seven 
experiments with each ribozyme is shown; error bars represent the standard error of the mean. 



1 The abbreviations used are: DTT, dithiothreitol; RASMC, rat aortic smooth muscle cells; 
DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; DOSPA, 2,3-dioleyoxy- 
N-[2(spemihecarboxamido)ethyl]-N,N-dimethyl-l-propanaminium trifluroroacetate; BrdU, 5- 
bromo-2-deoxyuridine. 
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